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ABSTRACT
T h is  t h e s i s  c o n s id e r s  th e  th e o r y ,  a p p l i c a t i o n ,  and d e s ig n  p r i n c i p l e s  of 
a tm o s p h e r ic  o p t i c a l  l i n e  of s i g h t  com m unication sys tem s and i n  p a r t i c u l a r  
t h e  e f f e c t  of a tm o s p h e r ic  t u r b u le n c e  on th e  e r t o r  r a t e  p e rfo rm ance  of 
d i g i t a l  t e r r e s t r i a l  system s i s  c o n s id e r e d  i n  some d e t a i l .  In  o r d e r  to  a id  
u n d e r s t a n d in g  of t h e  p h y s i c a l  p r o c e s s e s  i n v o lv e d ,  a q u a l i t a t i v e  model i s  
p r e s e n t e d  which i s  fo l lo w e d  by a q u a n t i t a t i v e  a n a l y s i s  and m odel. These 
models u t i l i s e  t h e  a tm o sp h e r ic  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r  which 
i s  shown t o  be a m easure  of a tm o sp h e r ic  t u r b u l e n c e .  A h y p o th e s i s  i s  
p ro p o se d  which r e l a t e s  th e  a tm o s p h e r ic  r e f r a c t i v e  in d ex  s t r u c t u r e  
p a ra m e te r  to  t h e  e r r o r  r a t e  pe rfo rm ance  of t e r r e s t r i a l  o p t i c a l  
com m unication  sy s te m s .  P r a c t i c a l  d a t a  o b ta in e d  on a t y p i c a l  l i n k  as  p a r t  
o f  t h i s  r e s e a r c h  work i s  r e p o r t e d  which shows t h a t  t h e r e  i s  in d eed  a 
r e l a t i o n s h i p  betw een th e  a tm o s p h e r ic  r e f r a c t i v e  in d ex  p a ra m e te r  and e r r o r  
r a t e  p e rfo rm ance  as  p roposed  i n  t h e  h y p o t h e s i s .  The d e g re e  of c o r r e l a t i o n  
o f  th e  p r a c t i c a l  d a t a  w i th  th e  th e o ry  i s  such  t h a t  t h e  h y p o th e s i s  i s  
r e a d i l y  v a l i d a t e d .  T echn iques  f o r  a l l e v i a t i n g  th e  e f f e c t s  of a tm o s p h e r ic  
t u r b u l e n c e  a r e  a l s o  c o n s id e r e d .
HYPOTHESIS
I t  i s  con tended  t h a t ,  w h i l s t  t h e r e  a r e  many p a ra m e te rs  i n  an a tm o s p h e r ic
d i g i t a l  o p t i c a l  com m unication system  which w i l l  a f f e c t  t h e  o v e r a l l  e r r o r
r a t e  pe rfo rm ance  of th e  system  such  as p a th  l e n g t h ,  l e n s  a p e r t u r e  d ia m e te r
e t c ,  they  a r e  i n v a r i a b l y  s y s te m a t ic  i n  n a t u r e  and can  u s u a l l y  be r e a d i l y
t a k e n  i n t o  acco u n t  i n  th e  s y s te m 's  d e s ig n  i n  o r d e r  f o r  a  g iv e n  s t e a d y - s t a t e
e r r o r  pe rfo rm ance  to  be a c h ie v e d .  I n c r e a s e d  p a th  a t t e n u a t i o n  due to
n o n - s y s t e m a t ic  a tm o s p h e r ic  e f f e c t s  such  as r a i n ,  f o g ,  snow e t c  h as  been
much s tu d i e d  by o t h e r  w orkers  and w i th  t h e  b e n e f i t  of th e  w e a l th  of d a t a
o b ta in e d  on t h e s e  e f f e c t s  due a l lo w a n c e  can be made f o r  them i n  t h e
s y s t e m 's  d e s ig n .  I t  i s  p o s t u l a t e d  i n  t h i s  t h e s i s  t h a t  a n o th e r  m ajor
n o n - s y s t e m a t ic  e f f e c t  i s  a tm o sp h e r ic  t u r b u l e n c e ,  which i s  g e n e r a l l y
m easured  as  a f u n c t i o n  of th e  a tm o s p h e r ic  r e f r a c t i v e  in d ex  s t r u c t u r e  
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p a ra m e te r ,  , which can g ive  r i s e  t o  s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  
e r r o r  pe rfo rm ance  of th e  sy s te m . The t h e s i s  g i v e s ,  b o th  q u a l i t a t i v e l y  and 
q u a n t i t a t i v e l y ,  a r e l a t i o n s h i p  betw een th e  a tm o s p h e r ic  r e f r a c t i v e  in d ex  
s t r u c t u r e  p a ra m e te r  and th e  e r r o r  r a t e  p e rfo rm ance  f o r  t e r r e s t r i a l  d i g i t a l  
o p t i c a l  com m unication system s h av in g  p a th  l e n g th s  of up to  a b o u t  1000m i n
l e n g t h .  The c rux  of th e  h y p o th e s i s  i s  t h e  p r o p o s a l  t h a t  t h e  s i g n a l  t o
4 o ^ 2n o i s e  r a t i o  i s  deg raded  by a f a c t o r  (e  x -  1 ) ,  where cr^  i s
t h e  lo g  a m p li tu d e  v a r i a n c e  of t h e  r e c e iv e d  s i g n a l  which i s  i t s e l f  r e l a t e d
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INTRODUCTION
" B a s ic  r e s e a r c h  i s  what I  am do ing  when I  d o n ' t  know what I  am 
d o in g ! "
W ernher von Braun
The b a s i c  o b j e c t  of t h e  r e s e a r c h  p r o j e c t  p r e s e n t e d  i n  t h i s  t h e s i s  i s  to  
a s s e s s  t h e  e f f e c t  of a tm o s p h e r ic  t u r b u l e n c e  on t h e  e r r o r  r a t e  pe rfo rm ance  
o f  t e r r e s t r i a l  l i n e  of s i g h t  d i g i t a l  o p t i c a l  com m unications s y s te m s .  T h is  
a s s e s s m e n t  has  been  c a r r i e d  o u t  t h e o r e t i c a l l y  and a much s im p le r  app roach  
h a s  been  deve loped  i n  P a r t  I I  of t h i s  t h e s i s  compared w i th  th o s e  a d op ted  
by o t h e r  w o rk e rs .  I n  o r d e r  t o  v e r i f y  t h e  h y p o th e s i s  a  p r a c t i c a l  
m easurem ent programme sp ann ing  an 18 month p e r io d  has  been com pleted  which 
a l s o  forms p a r t  of t h i s  r e s e a r c h  p r o j e c t .  The r e s u l t s  a r e  p r e s e n te d  i n  
P a r t  I I I  of t h i s  t h e s i s .
P e rfo rm ance  d e g r a d a t io n  of t e r r e s t r i a l  o p t i c a l  l i n e  of s i g h t  d i g i t a l  
o p t i c a l  com m unication system s can a l s o  occu r  as a r e s u l t  of e f f e c t s  o t h e r  
t h a n  a tm o s p h e r ic  t u r b u le n c e  and t h e s e  a r e  a d d re s s e d  t h e o r e t i c a l l y  i n  
P a r t  I  of t h i s  t h e s i s .
The r e a s o n  f o r  s tu d y in g  th e  e f f e c t  of a tm o s p h e r ic  t u r b u le n c e  i n  some 
c o n s id e r a b l e  d e t a i l  i s  t h a t  most of th e  o t h e r  e f f e c t s  which r e s u l t  i n  
p e r fo rm a n c e  d e g r a d a t io n  a r e  of a s y s t e m a t i c  n a tu r e  and can be r e a d i l y  
accommodated i n  system  d e s ig n  c a l c u l a t i o n s .  The on ly  m ajor  n o n - s y s t e m a t ic  
e f f e c t  o t h e r  th a n  a tm o s p h e r ic  t u r b u l e n c e  i s  t h a t  r e s u l t i n g  from i n c r e a s e d  
a t t e n u a t i o n  due to  a tm o s p h e r ic  c o n d i t io n s  such  as r a i n ,  fo g ,  snow e t c .  
T hese  p a r t i c u l a r  a tm o s p h e r ic  c o n d i t io n s  a r e  d i s c u s s e d  i n  t h i s  t h e s i s ,  b u t  
th e y  have been th e  s u b je c t  of c o n s id e r a b l e  s tu d y  by o t h e r  w o rk e rs ,  u n l ik e  
a tm o s p h e r ic  t u r b u le n c e ,  and hence have n o t  been  c o n s id e r e d  i n  any g r e a t  
d e t a i l  i n  t h i s  t h e s i s .  Comprehensive r e f e r e n c e s  a r e  p ro v id e d  f o r  th e  
b e n e f i t  of th o s e  r e a d e r s  w ish in g  to  p u rsu e  t h e s e  a s p e c t s  f u r t h e r .
T h is  t h e s i s  a l s o  c o n s id e r s  th e  g e n e r a l  p r i n c i p l e s  in v o lv e d  i n  t h e  d e s ig n  
and a p p l i c a t i o n  of t e r r e s t r i a l  d i g i t a l  o p t i c a l  l i n e  of s i g h t  comm unication 
s y s te m s .  The t h e s i s  w i l l  t h e r e f o r e  e n a b le  d e s ig n e r s  and u s e r s  of such 
sy s tem s  to  g a in  an u n d e r s t a n d in g  of t h e  mechanisms g iv in g  r i s e  to  
p e rfo rm a n c e  d e g r a d a t io n  a r i s i n g  from tu r b u l e n c e  ( a s  w e l l  as o t h e r  e f f e c t s )  
and w i l l  e n a b le  system s to  be d e s ig n e d  a n d /o r  employed w i th  t h e  e f f e c t s  of 
a tm o s p h e r ic  t u r b u le n c e  i n  p a r t i c u l a r  b e in g  b e t t e r  u n d e r s to o d .
The t h e s i s  commences i n  P a r t  I  C h a p te r  1 w i th  a g e n e r a l  rev iew  of o p t i c a l  
com m unica tion  system s and th e n  c o n s id e r s  a g e n e r a l i s e d  system  m odel. In  
o r d e r  to  o b t a i n  an u n d e r s t a n d in g  of t h e  mechanisms and e f f e c t  of 
a tm o s p h e r ic  t u r b u le n c e  a t  an e a r l y  s ta g e  C h ap te r  2 p ro p o se s  a q u a l i t a t i v e  
model f o r  t h e  t u r b u l e n t  a tm o sp h e re .  T u rb u len ce  g iv e s  r i s e  t o  a number of 
e f f e c t s  i n  o p t i c a l  com m unications sys tem s which in c lu d e  s c i n t i l l a t i o n ,  
beam s p re a d ,  and beam wander. Owing to  t h e i r  c lo s e  r e l a t i o n s h i p  to  
s c i n t i l l a t i o n ,  which i s  c o n s id e re d  i n  some d e t a i l  i n  l a t e r  c h a p t e r s ,  beam 
s p re a d  and beam wander w a r ra n t  a c h a p te r  to  th e m s e lv e s .  C h a p te r  3 ,  i n  t h e  
hope t h a t  any c o n fu s io n  betw een th e  d i f f e r e n t  mechanisms can be av o id e d  a t  
an  e a r l y  s t a g e .  The e x i s t i n g  t h e o r i e s  r e l a t i n g  t o  a tm o s p h e r ic  t u r b u l e n c e  
a r e  rev iew ed  i n  C hap te r  4 .  A tm ospher ic  t u r b u l e n c e  i s  u s u a l l y  m easured  i n  
te rm s  of th e  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r ,  a  v e ry  im p o r ta n t  
p a ra m e te r  which i s  c o n s id e re d  i n  C h ap te r  5 .
C h a p te r  6 i n  P a r t  I I  c o n ta in s  th e  c rux  of t h e  t h e s i s ,  namely th e  
h y p o t h e s i s  t h a t  e r r o r  r a t e  pe rfo rm ance  i s  d i r e c t l y  l in k e d  t o  t h e  m agn itude  
o f  a tm o s p h e r ic  t u r b u le n c e .
I n  P a r t  I I I  th e  p r a c t i c a l  m easurem ents and r e s u l t s  c a r r i e d  o u t  as  p a r t  of 
t h e  r e s e a r c h  work a r e  p r e s e n t e d .  I n  C h ap te r  7 t h e  t e c h n iq u e  employed i n  
t h e  measurem ent of th e  a tm o s p h e r ic  t u r b u le n c e  i s  d e s c r ib e d  t o g e t h e r  w i th  a  
rev iew  of th e  r e s u l t s  and i n  C hap te r  8 m easurem ents on an a c t u a l  o p t i c a l
l i n e  of s i g h t  l i n k  a r e  d e s c r ib e d  a lo n g  w i th  t h e  r e s u l t s  of th e  
s im u l ta n e o u s  m easurement of th e  m agnitude  of a tm o s p h e r ic  t u r b u l e n c e .
F i n a l l y ,  P a r t  IV, C h a p te r  9 p r e s e n t s  th e  c o n c lu s io n s  from th e  work, and 
C h a p te r  10 makes some recom m endations , and i t e m i s e s  some a r e a s  f o r  f u r t h e r  
s t u d y .
The work which has c o n s t i t u t e d  t h i s  r e s e a r c h  p r o j e c t  has  r e s u l t e d  i n  t h e  
i n v e s t i g a t i o n  and s tu d y  of many r e l a t e d  and sometimes s p u r io u s  avenues of 
a c t i v i t y .  To have r e c o rd e d  eve ry  s i n g l e  a s p e c t  of t h e  r e s e a r c h  work would 
have r e s u l t e d  i n  a m ass ive  tome c o m p ris in g  many volum es. The view has 
b een  t a k e n  t h a t  on ly  th e  m ains tream  a c t i v i t i e s ,  t o g e t h e r  w i th  th o s e  s id e  
i s s u e s  which a r e  e s p e c i a l l y  r e l e v a n t  o r  a r e  n e c e s s a ry  f o r  an a d e q u a te  
u n d e r s t a n d in g  of th e  main body of th e  t h e s i s ,  a r e  in c lu d e d  i n  t h i s  t e x t .  
Where a p p r o p r i a t e ,  r e f e r e n c e s  and i n  some i n s t a n c e s  a p p e n d ic e s ,  have been  
i n c lu d e d  i n  o r d e r  to  e n a b le  th e  i n t e r e s t e d  r e a d e r  to  p u rsu e  t h e s e  s id e  
i s s u e s  sh o u ld  t h i s  be so d e s i r e d .
The work which has  c u lm in a te d  w i th  t h e  p u b l i c a t i o n  of t h i s  t h e s i s  
commenced i n  t h e  l a t t e r  h a l f  of 1981 and w i th  fo rm a l  s u p p o r t  of th e  Open 
U n i v e r s i t y  i n  e a r l y  1982. The p r o j e c t  was u n d e r ta k e n  as p a r t  of th e  
p r o f e s s i o n a l  a c t i v i t i e s  of th e  a u th o r  w i th  t h e  s u p p o r t  of what i s  now 











OPTICAL LINE OF SIGHT COMMUNICATION
1.1 INTRODUCTION
O p t i c a l  com m unication has  e x i s t e d  f o r  many c e n t u r i e s .  Well known examples 
a r e  t h e  u se  of b o n f i r e s  on h i l l t o p s  f o r  t h e  s i g n a l l i n g  of th e  approach  of 
t h e  S p a n ish  Armada i n  t h e  1 6 th  C en tu ry  and re d  i n d i a n s ’ smoke s i g n a l s  i n  
t h e  Wild West. The h e l i o g r a p h  has  been w id e ly  employed, t h e  p r i n c i p l e  of 
t h e  r e f l e x i o n  of th e  s u n ' s  r a y s  b e in g  r e a d i l y  u t i l i s e d .  Morse code 
p r i n c i p l e s  have been  a p p l i e d  to  o p t i c a l  com m unications r e s u l t i n g  i n  th e  
w e ll-know n A ld is  lamp system  b e in g  w id e ly  used  d u r in g  th e  two World Wars, 
p a r t i c u l a r l y  by th e  Royal Navy. A lex an d er  Graham B e l l  d e m o n s tra ted  h i s  
pho tophone , t h e  f i r s t  known d e m o n s t ra t io n  of th e  t r a n s m i s s io n  of speech  
o v e r  a beam of l i g h t  as  long  ago a s  1880 [ 1 . 1 ] .
Some a tm o s p h e r ic  l i n e  of s i g h t  o p t i c a l  com m unication sys tem s employed 
d u r in g  World War I I  a re  d e s c r ib e d  by Huxford  and P l a t t  [ 1 . 2 ] .  One such 
German system  had a t r a n s m i s s io n  range  of 4 .2  km and a speech  band 
t r a n s m i s s i o n  c a p a b i l i t y  of abou t 3 kHz.
O p t i c a l  com m unication r e c e iv e d  an enormous im pe tus  w i th  t h e  i n v e n t i o n  of 
t h e  l a s e r  by Maiman [1 .3 ]  i n  1960. H elium -neon, a rgon  and ca rb o n  d io x id e  
l a s e r s  have been u sed  i n  a v a r i e t y  of p r a c t i c a l  and e x p e r im e n ta l  
n o n -g u id e d  o p t i c a l  com m unication sy s te m s ,  b u t  t h e  developm ent of th e  
s e m ic o n d u c to r  i n j e c t i o n  l a s e r  i n  1962 [1 .4 ]  was a s p u r  t o  work i n  t h i s  
f i e l d .  D uring th e  1960s c o n s id e r a b l e  r e s e a r c h  e f f o r t  was expended on b o th  
g u id ed  and n o n -g u id ed  o p t i c a l  com m unications t e c h n iq u e s .  The work of Kao 
and Hockham of S ta n d a rd  T e lecom m unications  L a b o r a t o r i e s  on gu id ed  wave 
o p t i c a l  com m unication was p u b l i s h e d  i n  t h e i r  now famous p a p e r  i n  1966 
[ 1 . 5 ] .  T h is  p a p e r  i n i t i a t e d  t h e  c u r r e n t  i n t e r e s t  i n  o p t i c a l  f i b r e  
gu ided-w ave  comm unication and t h i s  p a r t i c u l a r  tec h n o lo g y  has  now been
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deve loped  to  th e  p o i n t  where numerous o p e r a t i o n a l  system s have been 
i n s t a l l e d  [1 .6 ]  and we a re  a l r e a d y  i n t o  th e  t h i r d  g e n e r a t i o n  of such 
s y s te m s .  The d e s ig n  and perfo rm ance  of o p t i c a l  f i b r e  system s i s  e x c e e d in g ly  
w e l l  documented and r e f e r e n c e s  [1 .7 -1 .1 1 ]  p ro v id e  a good overv iew .
Non-guided o p t i c a l  communication system s r e c e iv e d  c o n s id e r a b l e  a t t e n t i o n  
d u r in g  th e  1960s m ain ly  as a r e s u l t  of p o t e n t i a l  m i l i t a r y  u se s  and 
a p p l i c a t i o n s  i n  sp a c e .  Non-guided o p t i c a l  comm unication system s do 
however s u f f e r  from c e r t a i n  draw backs, which r e s u l t e d  i n  t h e  system s no t 
b e in g  f u l l y  deve loped  no r  g e n e r a l l y  dep loyed  f o r  t e r r e s t r i a l  a p p l i c a t i o n s .  
The adv a n ta g e s  and d i s a d v a n ta g e s  of non-gu ided  system s a re  d i s c u s s e d  l a t e r  
i n  S e c t io n  1 .3 .  In  t h e  main, a l t e r n a t i v e  t r a n s m is s io n  te c h n iq u e s  were 
employed to  meet th e  communications r e q u i re m e n ts  of th e  1960s and 1970s.
The l e v e l  of r e s e a r c h  e f f o r t  i n t o  n o n -gu ided  o p t i c a l  comm unication d u r in g  
t h e  1970s has been m inim al, as w i tn e s s e d  by th e  r e l a t i v e l y  sm a l l  number of 
p a p e rs  p u b l is h e d  on th e  s u b je c t  i n  t h e  l a s t  10 y e a r s  o r  so .  I n e v i t a b l y  
p u b l i c a t i o n  of a c e r t a i n  amount of r e s e a r c h  work funded by m i l i t a r y  
a g e n c ie s  has had to  be w i th h e ld  f o r  n a t i o n a l  s e c u r i t y  r e a s o n s ,  
p a r t i c u l a r l y  i n  th e  USA.
D e s p i te  t h e  d isa d v a n ta g e s  of non-gu ided  o p t i c a l  com m unications system s 
t h e r e  a r e  a number of d i s t i n c t  a dvan tages  which w a r ra n t  f u r t h e r  s tu d y  of 
t h e  t e c h n iq u e .  I n t e r e s t  i s  c u r r e n t l y  be ing  shown by v a r io u s  m i l i t a r y  
a g e n c i e s ,  p a r t i c u l a r l y  i n  th e  US, who have p la c e d  r e s e a r c h  c o n t r a c t s  w i th  
m ajo r  American r e s e a r c h  o r g a n i s a t i o n s .  The c u r r e n t  em phasis of t h i s  
r e s e a r c h  ap p ears  to  be i n  d e v e lo p in g  s p e c i a l i s e d  com m unications l i n k s  
betw een  s a t e l l i t e s ,  between sp ace  s h u t t l e s  and betw een s a t e l l i t e s  and 
submerged subm arines  [ 1 .1 2 - 1 .1 4 ] .
I n  r e c e n t  t im es  m ajor te leco m m u n ica tio n s  network o p e r a to r s  (eg  
B r i t i s h  Telecom ), i n  r e sp o n se  to  m arket p r e s s u r e s ,  have f e l t  t h e  need to
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Figure 1.1 The electromagnetic spectrum
i n v e s t i g a t e  v a r io u s  ' f r i n g e ’ t r a n s m i s s io n  te c h n iq u e s  and a tm o s p h e r ic  l i n e  
o f  s i g h t  t e r r e s t r i a l  o p t i c a l  l i n k s  r e p r e s e n t  one such  te c h n iq u e .  The 
p a r t i c u l a r  a p p l i c a t i o n  of i n t e r e s t  to  B r i t i s h  Telecom i s  th e  r a p id  
p r o v i s i o n  of s e r v i c e  to  m ajor  cus tom ers  w i th o u t  t h e  need t o  i n s t a l
u n d e rg ro u n d  c a b le s .  I t  i s  sometimes t h e  c a s e  t h a t  t h e  underg round  d u c t s ,
w hich would n o rm a l ly  be u sed  to  p ro v id e  s e r v i c e ,  a r e  a l l  f u l l ,  and t h a t
t h e  c o n s t r u c t i o n  of new d u c t  ways would i n t r o d u c e  i n t o l e r a b l e  d e la y s  i n
t h e  p r o v i s i o n  of s e r v i c e .  O p t i c a l  l i n e  of s i g h t  system s a r e  th o u g h t  t o  be 
a p o s s i b l e  a l t e r n a t i v e  to  microwave sys tem s i n  such  c a se s  where a l i n e  of 
s i g h t  p a th  i s  a v a i l a b l e .  C onsequen tly  some i n t e r e s t  i s  b e in g  shown by 
o r g a n i s a t i o n s ,  such as B r i t i s h  Telecom, i n  t h e  developm ent and 
o p t i m i s a t i o n  of l i n e  of s i g h t  system s f o r  u s e  i n  p a r t i c u l a r  t e r r e s t r i a l  
a p p l i c a t i o n s .
1 .2  THE OPTICAL DOMAIN
High c a p a c i ty  a n d /o r  wideband t r a n s m i s s io n  system s g e n e r a l l y  employ some 
form of e l e c t r o - m a g n e t i c  wave o r  c a r r i e r .  Throughout t h e  h i s t o r y  of 
t e le c o m m u n ic a t io n s  t h e r e  has  been  a s te a d y  t r e n d  tow ards t h e  u s e  of h ig h e r  
and  h i g h e r  c a r r i e r  f r e q u e n c ie s .  The t r e n d  has  a p p l i e d  to  b o th  l a n d l i n e  
c a b le  sys tem s and r a d i o  sy s te m s .  The r e a s o n  f o r  t h i s  t r e n d  i s  s im ply  t h a t  
t h e  t r a f f i c  c a r r y in g  a b i l i t y  of any system  i s  d i r e c t l y  r e l a t e d  to  t h e  
bandw id th  ( f r e q u e n c y  e x t e n t )  of th e  m odu la ted  c a r r i e r ,  which i s  g e n e r a l l y  
l i m i t e d  t o  a f ix e d  p o r t i o n  of t h e  c a r r i e r  f re q u e n c y  i t s e l f .  I t  f o l lo w s  
t h e r e f o r e  t h a t  i n c r e a s i n g  th e  c a r r i e r  f re q u e n c y  t h e o r e t i c a l l y  i n c r e a s e s  
t h e  a v a i l a b l e  t r a n s m i s s io n  bandw id th , and t h e r e f o r e  t h e  i n f o r m a t io n  
c a p a c i t y  of th e  o v e r a l l  sy s tem . The e le c t r o m a g n e t i c  spec trum  i s  shown i n  
F ig u re  1 . 1 .  I t  can be se en  t h a t  t h e  o p t i c a l  r e g io n  e x te n d s  from a 
f re q u e n c y  of 10^^ Hz ( o r  1 THz) t o  10^^ Hz. An o p t i c a l  system  hav ing  
a c a r r i e r  f re q u e n c y  of 10^^ Hz, ( c o r r e s p o n d in g  a p p ro x im a te ly  t o  a 
w a v e le n g th  of 3 m ic ro n ) ,  would have a p o t e n t i a l l y  u s a b le  bandw id th  many
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t im es  g r e a t e r  th a n  a microwave r a d io  system  o p e r a t in g  a t  1 GHz. P o t e n t i a l  
i n c r e a s e s  i n  t r a f f i c  c a r r y in g  a b i l i t y  of t h i s  o r d e r  of m agnitude  a r e  ve ry  
a t t r a c t i v e  t o  system s e n g in e e r s  concerned  w i th  h ig h  c a p a c i ty  t r a n s m i s s io n .  
I t  i s  a l s o  w o r th  n o t in g  t h a t ,  as th e  o p e r a t i n g  f re q u e n c y  i s  i n c r e a s e d  th e  
a b i l i t y  of a n te n n a e  t o  c o l l i m a t e  t h e  beam i s  i n c r e a s e d ,  r e s u l t i n g  i n  
im proved o v e r a l l  system  p e rfo rm a n c e .  T h is  i s  d i s c u s s e d  i n  more d e t a i l  i n  
S e c t i o n  1 .4 .2  i n  which o p t i c a l  t r a n s m i t t e r  g a in s  a r e  d i s c u s s e d .  These 
am ongst o t h e r  a d v a n ta g e s ,  have s t i m u la t e d  r e s e a r c h  i n t o  a l l  a s p e c t s  of 
o p t i c a l  com m unications ove r  t h e  l a s t  two d e c ad e s .
1 .3  ADVANTAGES AND DISADVANTAGES OF OPTICAL COMMUNICATIONS SYSTEMS 
The a d v a n ta g e s  of l i n e  of s i g h t  o p t i c a l  system s may be summarised as 
f o l l o w s : -
-  P o t e n t i a l l y  ve ry  h igh  t r a f f i c  c a p a c i ty
-  R e l a t i v e l y  s e c u re
-  High immunity t o  e l e c t r o m a g n e t i c  i n t e r f e r e n c e
-  No i n t e r c o n n e c t i n g  c a b le  r q u i r e d
-  Long p a th  l e n g t h s  ( i n  t h e  c a s e  of f r e e  sp a ce  sy s tem s)
-  Complete e l e c t r i c a l  i s o l a t i o n
-  N e g l ig i b l e  c r o s s t a l k
-  R e l a t i v e  e a s e  of i n s t a l l a t i o n  ( f o r  f i x e d  p a th  t e r r e s t r i a l  l i n k s )
-  High r e s i s t a n c e  t o  jamming
-  Small equipm ent s i z e
U n f o r tu n a t e ly  t h e r e  a r e  some m ajor  d i s a d v a n ta g e s  a s s o c i a t e d  w i th  
a tm o s p h e r ic  o p t i c a l  com m unications which sh o u ld  a l s o  be n o te d .  The most 
s e r i o u s  drawback i s  th e  e f f e c t  of th e  a tm o s p h e r ic  p r o p a g a t io n  p a th  on th e  
o p t i c a l  c a r r i e r  wave. T h is  a r i s e s  be c au se  t h e  s i z e s  of th e  m o le c u le s  and 
p a r t i c l e s  i n  t h e  a tm osphere  a r e  com parable  w i th  o p t i c a l  w a v e len g th s  ( i e  
























b) More detailed block diagram
Figure 1.2 System block diagrams
r a d i o  and microwave f r e q u e n c e s  ( i e  w a v e len g th s  of g r e a t e r  th a n  abou t 
30 mm). In  p a r t i c u l a r  s i g n i f i c a n t  f a d in g  d u r in g  a d v e rs e  w e a th e r  
c o n d i t i o n s  such  as snow, r a i n ,  fog e t c  o f t e n  r e s u l t s  i n  com ple te  l o s s  of 
t r a n s m i s s i o n  and t h i s  t h e s i s  a l s o  shows t h a t  a tm o s p h e r ic  t u r b u le n c e  can 
a l s o  be a m ajor  c a u se  of system  perfo rm ance  d e g r a d a t i o n .  These e f f e c t s  
a r e  a g g ra v a te d  by th e  f a c t  t h a t  th ey  a r e  of a  random n a tu r e ,  b o th  
s p a t i a l l y  and t e m p o r a r i l y ,  which of c o u rs e  makes m o d e l l in g  of th e  
p r o p a g a t io n  p a th  much more d i f f i c u l t  [1 .16]  .
1 .4  THE SYSTEM MODEL
1 .4 .1  The B a s ic  System
A diagram  of a s im p le  system  model i s  shown i n  F ig u re  1 . 2 ( a ) ,  i n  
w hich  th e  t r a n s m i t t e r  and a r e c e i v e r  a r e  i n d i c a t e d ,  i n  betw een which 
i s  th e  o p t i c a l  com m unication c h a n n e l .  F ig u re  1 .2 ( b )  shows th e  system  
i n  somewhat more d e t a i l .  I n  t h i s  d iagram  th e  d a t a  t o  be t r a n s m i t t e d ,  
which may be i n  e i t h e r  a n a lo g u e  o r  d i g i t a l  form , i s  fe d  t o  th e  
e n c o d e r .  In  t h e  c a s e  of a d i g i t a l  system  th e  d a t a  may, i n  some 
i n s t a n c e s ,  be f e d  d i r e c t l y  to  t h e  t r a n s m i t t e r  d r i v e r ,  o r  i t  may be 
encoded  to  make i t  s u i t a b l e  f o r  t r a n s m i s s io n  o v e r  t h e  l i n k .  The 
e n co d in g  te c h n iq u e s  employed a r e  g e n e r a l l y  aimed a t  m axim ising  th e  
s i g n a l  t o  n o i s e  r a t i o  a t  t h e  r e c e i v e r .  Most of t h e  common m o d u la t in g  
t e c h n iq u e s  employed on any t r a n s m i s s io n  system  have been  u t i l i s e d  on 
o p t i c a l  com m unication system s [1 .15 ]  i n c l u d i n g : -
a .  f re q u e n c y  m o d u la t io n
b .  phase  m o d u la t io n
c .  a m p li tu d e  ( i n t e n s i t y )  m o d u la t io n
d .  p o l a r i s a t i o n  m o d u la t io n
The d a t a  s i g n a l ,  encoded as n e c e s s a r y ,  i s  fe d  to  t h e  t r a n s m i t t e r  
d r i v e r  which powers th e  t r a n s m i t  d e v ic e  ( o p t i c a l  s o u rc e )  th e
17
p a r t i c u l a r  ty p e  of o p t i c a l  s o u rc e  employed depend ing  on th e  
p a r t i c u l a r  system  r e q u i r e m e n ts .  Both gas and sem ic o n d u c to r  l a s e r s  
have been s u c c e s s f u l l y  employed. Gas l a s e r s  a r e  g e n e r a l l y  employed 
when h ig h  o p t i c a l  o u tp u t  power i s  r e q u i r e d ,  eg g r e a t e r  th a n  1 mW, and 
when i t  i s  d e s i r e d  to  o p e r a t e  a t  w a v e len g th s  a t  which t h e r e  a r e  no 
s e m ic o n d u c to r  s o u rc e s  c u r r e n t l y  a v a i l a b l e .  Sem iconductor  l a s e r  
s o u r c e s  have th e  advan tage  of sm a l l  s i z e  and low power consum ption , 
w hich makes them ve ry  a t t r a c t i v e ,  p a r t i c u l a r l y  f o r  p o r t a b l e  s y s te m s .  
S em iconduc to r  l i g h t  e m i t t i n g  d io d e s  a r e  a l s o  employed w i th  a c c e p ta b l e  
r e s u l t s ,  when t h e i r  low er r a d i a t e d  o p t i c a l  o u tp u t  powers can  be 
t o l e r a t e d .
E x t e r n a l  m o d u la t io n  i s  g e n e r a l l y  needed f o r  gas l a s e r s  b u t  i n  t h e  
c a s e  of sem ico n d u c to r  d e v ic e s  t h e  o p t i c a l  s o u rc e  c o n v e r t s  th e  
m o d u la t in g  e l e c t r i c a l  s i g n a l  d i r e c t l y  to  a m odu la ted  o p t i c a l  s i g n a l .  
The o p t i c a l  s i g n a l  i s  th e n  t r a n s m i t t e d  v i a  s u i t a b l e  lau n c h  o p t i c s  as 
an  o p t i c a l  l i g h t  f i e l d  o r  beam, th ro u g h  th e  o p t i c a l  c h a n n e l ,  which i n  
t h e  c a s e  c o n s id e r e d  i n  t h i s  work, i s  th e  t u r b u l e n t  a tm o sp h e re .
I f  t h e  o p t i c a l  ch a n n e l  were a f r e e  sp a ce  c h a n n e l  th e n  t h e  s i g n a l  
would on ly  be a t t e n u a t e d  i n  a c c o rd a n c e  w i th  th e  i n v e r s e  s q u a re  law
[1 .1 6 ]  ( f o r  a  d iv e r g e n t  beam). P r o p a g a t io n  of s i g n a l s  i n  t h e  
a tm o sp h e re  however r e s u l t s  i n  a t t e n u a t i o n  of t h e  s i g n a l  due to  
a b s o r p t i o n ,  s c a t t e r i n g  and t u r b u l e n c e .  S ig n a l  d i s p e r s i o n  e f f e c t s  can 
n o rm a l ly  be ig n o re d  s in c e  th e  d i s p e r s i o n  f o r  a l l  b u t  v e ry  h ig h  b i t  
r a t e  sys tem s ( o p e r a t i n g  i n  e x c e s s  of 1 G b i t / s )  i s  u s u a l l y  n e g l i g i b l e .
The o p t i c a l  s i g n a l  i s  r e c e iv e d  by th e  r e c e i v e r  o p t i c s  and fo c u s s e d  
o n to  a s u i t a b l e  d e t e c t o r .  A s s o c ia te d  w i th  t h e  r e c e i v e r  l e n s  system  
a r e  s p a t i a l  and bandpass  f re q u e n c y  f i l t e r s  which a r e  used  to  m in im ise  

















Figure 1.3 Transmitter modulation techniques
can be e i t h e r  a sem iconducto r  p h o to d io d e ,  a p h o t o m u l t i p l i e r  o r  
p h o to c o n d u c to r ,  and i s  employed to  c o n v e r t  th e  o p t i c a l  s i g n a l  back 
i n t o  th e  e l e c t r i c a l  domain. P o s t - d e t e c t i o n  c i r c u i t r y  i s  th e n  used  to  
a m p l i f y ,  e q u a l i s e ,  and r e - g e n e r a t e  i f  n e c e s s a r y ,  t h e  d e te c te d  o p t i c a l  
s i g n a l .
I t  i s  a p p r o p r i a t e  t o  c o n s id e r  t h e  c o n s t i t u e n t  p a r t s  of th e  system  i n  
more d e t a i l .
1 .4 .2  The O p t ic a l  T r a n s m i t t e r
T here  a r e  two b a s i c  models f o r  o p t i c a l  t r a n s m i t t e r s ,  one f o r  o p t i c a l  
s o u rc e s  which can be d i r e c t l y  m odula ted  and th e  o t h e r  f o r  s o u rc e s  
which a re  e x t e r n a l l y  m odu la ted .  The two models a re  shown 
d ia g ra m m a t ic a l ly  i n  F ig u re  1 .3 .  The a rrangem en t i n  F ig u re  1 .3 ( a )  i s  
g e n e r a l l y  u t i l i s e d  f o r  se m iconduc to r  s o u rc e s  which can be d i r e c t l y  
m odula ted  such as se m iconduc to r  l a s e r s  and l i g h t  e m i t t i n g  d io d e s .
Gas l a s e r s  cannot r e a d i l y  be d i r e c t l y  m odula ted  and hence a s u i t a b l e  
e x t e r n a l  m odu la to r  i s  u s u a l l y  employed as shown i n  F ig u re  1 . 3 ( b ) .
The t y p i c a l  c h a r a c t e r i s t i c s  of th e  v a r io u s  so u rc e  ty p e s  a r e  i n d i c a t e d  
i n  T ab le  1 .1  below
P a ra m e te r Gas L ase rs
Sem iconductor
L a se rs
Sem iconductor  
L ig h t  e m i t t i n g  
d io d e s
W avelengths 632 nm (HeNe) 
1060 nm (HeNe) 
10,000 nm (CO,)




O utpu t power 1-500 mW Up to  1 mW Up to  0 .5  mW
Beam shape C i r c u l a r Oval C i r c u l a r  (B u rru s  
ty p e )
Beam d iv e rg e n c e 0 .5 - 1 .0  mrad < 20 mrad > 20 mrad
L i fe t im e > 1000 h rs > 100,000 h r s > 100,000 h r s
Cost £300-10,000 £300-500 £50-300
T ab le  1 .1  Comparison of th e  most Common O p t ic a l  S ources
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V a rio u s  t e c h n iq u e s  have been employed i n  o r d e r  to  p ro v id e  an 
a d e q u a te ly  s t a b l e  o p t i c a l  c a r r i e r ,  g e n e r a l l y  employing some form of 
fee d b a c k  a rrangem en t w i th  d e t e c t i o n  of th e  o p t i c a l  s i g n a l .  Such 
d e t e c t i o n  when u s in g  gas l a s e r s  i s  c a r r i e d  o u t  by sam pling  th e  l a s e r  
o u t p u t .  When sem iconducto r  l a s e r s  a r e  employed th e  o u tp u t  from th e  
back f a c e t  may be m o n ito re d ,  a  t e c h n iq u e  which does no t  reduce  th e  
o u tp u t  power s i g n i f i c a n t l y  and which can r e a d i l y  be in c o r p o r a t e d  i n t o  
t h e  t r a n s m i t t e r  s o u rc e  package.
The t r a n s m i t t e r  o p t i c s  can be c o n s id e re d  i n  p r i n c i p l e  i n  two ways.
One i s  to  adop t o p t i c a l  ray  th e o ry  and th e  o t h e r  i s  to  app ly  th e  
app roach  adop ted  by r a d io  e n g in e e r s  i n  th e  d e s ig n  of an te n n a e  f o r  
r a d io - f r e q u e n c y  (and i n  p a r t i c u l a r  microwave f re q u e n c y )  sy s tem s.
T h is  t h e s i s  c o n s id e r s  th e  fo rm er  approach  on th e  b a s i s  t h a t  i t  i s  
more r e a d i l y  a p p l i c a b l e  a l th o u g h  some of th e  r e s u l t s  of th e  l a t t e r  
ap p ro ach  w i l l  be m entioned  i n  o r d e r  to  h i g h l i g h t  some s a l i e n t  p o i n t s .
Now th e  t r a n s m i t t e r  i s  e s s e n t i a l l y  a l e n s  system  as shown i n  
F ig u re  1 .4 .  In  t h e  f i r s t  i n s t a n c e  t h e  so u rc e  i s  assumed to  be an LED 
h a v in g  a d i f f u s e  r a d i a t i o n  p a t t e r n  and a r a d i a t i n g  a r e a  A^. The 
r a d i a n t  i n t e n s i t y  i s  and i s  assumed to  be c o n s ta n t  f o r  a l l  t h e  
l i g h t  c o l l e c t e d  by th e  t r a n s m i t t e r  l e n s .  The l a t t e r  has  an e f f e c t i v e  
a r e a  Aj, and a f o c a l  l e n g th  f .  In  o r d e r  to  c a r r y  o u t  some 
c a l c u l a t i o n s  i t  i s  n e c e s s a ry  to  in c lu d e  th e  r e c e i v e r  w i th  i t s  
e f f e c t i v e  a p e r t u r e  l o c a t e d  a d i s t a n c e  L from th e  t r a n s m i t t e r .  L 
i s  of c o u rse  much g r e a t e r  th a n  f .  In  a w e l l  d e s ig n e d  r e c e i v e r  a l l  
t h e  l i g h t  i n c i d e n t  on A^ w i l l  be fo c u s s e d  o n to  t h e  a c t i v e  r e g io n  of 
t h e  d e t e c t o r .  O bviously  i n  o r d e r  to  maximise t h e  r e c e iv e d  power an 
image of th e  s o u rc e  shou ld  be formed on th e  p la n e  of th e  r e c e i v e r  
l e n s  a p e r t u r e .
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Using b a s i c  t h i n  l e n s  o p t i c a l  th e o ry  [1 ,28]  t h e  d i s t a n c e  from th e  
s o u rc e  LED to  t h e  c e n t r e  of th e  t r a n s m i t t e r  l e n s ,  u , i s  g iv e n  by:
u f  L ■ f  (1 .1 )
The a r e a  of th e  image i s  g iv e n  by:
AgL^ AgL^
^Im “  T  “ 3
U f
Now th e  power c o l l e c t e d  by th e  t r a n s m i t t e r  l e n s ,  P^, i s  g iv e n  by:
Pm = = —Ô  ( 1 .3 )
u f
Now i n  p r a c t i c e  t h e  image of th e  so u rc e  a t  th e  r e c e i v e r  l e n s  
i n v a r i a b l y  more th a n  f i l l s  th e  e f f e c t i v e  r e c e i v e r  l e n s  o p e r a tu r e  
a r e a ,  A^. The f r a c t i o n  of t r a n s m i t t e d  power P^ , which a c t u a l l y  
r e a c h e s  th e  d e t e c t o r ,  i s  t h e r e f o r e  g iv en  as  ^  and hence  th e
Aim
r e c e iv e d  o p t i c a l  power, P^, i s  g iv en  by:
Pn = — -  ■ • ( 1 .4 )
4 m
S u b s t i t u t i n g  f o r  A^^ i n  t h i s  e q u a t io n  we o b ta in :  
s s
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I f  we now s u b s t i t u t e  f o r  we o b ta in :
p = ■ (1 .6 )
* u2 A l /  As s
To
where R = —  which i s  th e  r a d ia n c e  of th e  s o u rc e .
I t  f o l lo w s  from e q u a t io n  (1 .6 )  t h a t  i f  th e  r e c e iv e d  o p t i c a l  power i s  
t o  be maximised, which i s  th e  u s u a l  o b j e c t i v e ,  th e n  th e  s o u rc e  needs 
t o  be h igh  powered and th e  e f f e c t i v e  l e n s  a p e r t u r e s  of b o th  th e  
t r a n s m i t t e r  and th e  r e c e i v e r  sh o u ld  be as l a r g e  as  p o s s i b l e .
I t  i s  u s e f u l  to  o b t a i n  a  f e e l  f o r  t h e  o rd e r s  of m agnitude in v o lv e d
and i f ,  as  an example, one t a k e s  a  system  hav ing  an LED w i th  a
2
r a d i a n c e  of O.lW/mm / s r  and t r a n s m i t  and r e c e iv e  a p e r t u r e s  of 
d i a m e te r  35 mm th e n  w i th  a p a th  l e n g th  of 1 km th e  r e c e iv e  power 
would be 100 nW.
Of c o u rse  t h e  d e r i v a t i o n s  and c a l c u l a t i o n s  g iv e n  th u s  f a r  do n o t  ta k e  
a c c o u n t  of any a b e r r a t i o n s  a r i s i n g  from im p e r fe c t  o p t i c a l  sy s tem s ,  
b u t  they  may be a p p l i e d  e q u a l ly  w e l l  t o  m i r r o r ,  and mixed m i r r o r  and 
l e n s  ( c a t a d i o p t r i c )  sy s tem s .
Now th e  d i s c u s s io n  so f a r  has no t ta k e n  any d i f f r a c t i o n  l i m i t a t i o n s  
i n t o  a c co u n t .  These can occur when th e  s o u rc e  e m is s io n  a r e a  becomes 
l e s s  th a n  a p a r t i c u l a r  s i z e .  D i f f r a c t i o n  p a t t e r n s  a r e  produced  when, 
f o r  i n s t a n c e ,  an a p e r t u r e  i s  u n ifo rm ly  i l l u m i n a t e d  r e s u l t i n g  i n  a s e t  
o f  c o n c e n t r i c  r i n g s .  The r a d i u s  of th e  f i r s t  r i n g  of a d i f f r a c t i o n  
p a t t e r n  i s  g iv e n  by:
(1 .2 2  X f /d ^ )
w here d^ i s  th e  d ia m e te r  of th e  a p e r t u r e .
( 1 .7 )
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The d i f f r a c t i o n  l im i t e d  s i t u a t i o n  o ccu rs  i n  an o p t i c a l  system  when 
t h e  r a d i u s  of th e  f i r s t  i n t e n s i t y  minimum ( i e  dark  r in g )  of th e  
d i f f r a c t i o n  p a t t e r n  becomes com parable  i n  s i z e  w i th  th e  d ia m e te r  
dim of th e  no rm ally  fo cu sse d  image. That i s  when
d 1 .22  X L
d, = — < ----------------- ( 1 .8 )im ju d .
where d i s  th e  d ia m e te r  of th e  s o u rc e ,  s
R e -a r r a n g in g  e q u a t io n  ( 1 .8 )  we o b ta in :
1 .22  u X 1 .22  f  X 
d < ----------    =  (1 .9 )
I n  o r d e r  to  u n d e rs ta n d  when th e  d i f f r a c t i o n  l i m i t e d  c o n d i t io n  m ight 
o c c u r  i n  p r a c t i c e  i f  one t a k e s ,  as b e f o r e ,  t h e  example where 
d^ = 35 mm, X = 1 pn and th e  f o c a l  l e n g t h  of th e  l e n s  system  
f  = 100 mm th e n  u s in g  e q u a t io n  (1 .9 )  i t  can be c a l c u l a t e d  t h a t  
d i f f r a c t i o n  would occur only  i f  th e  a c t i v e  so u rc e  d ia m e te r  was l e s s  
th a n  3 pn. S u r fa c e  e m i t t i n g  LEDs have a c t i v e  a r e a s  of t e n s  of 
m icrons  and t h e i r  u se  i s  u n l i k e l y  to  r e s u l t  i n  d i f f r a c t i o n  l im i t e d  
o p e r a t i o n .  E d g e -e m it t in g  LEDs w i th  a c t i v e  a r e a s  of j u s t  a few 
m ic rons  cou ld  be s u b je c t  to  d i f f r a c t i o n  and th e  l i g h t  from 
se m ic o n d u c to r  l a s e r s ,  be ing  h ig h ly  c o l l im a te d  and c o h e re n t ,  n o rm ally  
p ro d u ces  a  d i f f r a c t i o n  l i m i t e d  image.
I n  t h e  d i f f r a c t i o n  l im i t e d  c a se  th e  r a d i a n t  i n t e n s i t y ,  I ^ ,  a t  th e  
c e n t r e  of th e  d i f f r a c t i o n  p a t t e r n  i s  g iv e n  by;
I ,  = - - 2 -  (1 .1 0 )
23
The t o t a l  power c o l l e c t e d  a t  th e  r e c e i v e r ,  assuming p e r f e c t  
a l ig n m e n t ,  w i l l  be:
As b e fo r e  t h i s  assumes a p e r f e c t  system  w i th  no a b e r r a t i o n s  o r  
o p t i c a l  l o s s e s .  E q u a t io n  (1 .1 1 )  i s  n o t  th e  com ple te  answer because  
i t  assumes t h a t  t h e  t r a n s m i t t e r  a p e r t u r e  i s  u n i fo rm ly  i l l u m i n a t e d .
I n  p r a c t i c e  sem iconducto r  l a s e r s  have an i n t e n s i t y  d i s t r i b u t i o n  which 
i s  G au ss ian  and i t  can be shown t h a t ,  by c o n s id e r in g  th e  m a th e m a tic a l  
e x p r e s s io n  f o r  t h e  o p t i c a l  power d e n s i t y  d i s t r i b u t i o n  f o r  t h e  l a s e r ,  
e q u a t io n  (1 .1 1 )  becomes, f o r  t h e  c a se  of a d i f f r a c t i o n  l i m i t e d  l a s e r  
sys tem :
P r  = •  “J T  ( 1 . 1 2 )
where r  = r a d i u s  of th e  power d e n s i t y  d i s t r i b u t i o n  ( t o  t h e  1 /e  
p o i n t s ) .
Comparison of e q u a t io n s  (1 .1 1 )  and (1 .1 2 )  i n d i c a t e s  t h a t  th ey  a re
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i d e n t i c a l  i f  one re g a rd s  it r  as th e  e f f e c t i v e  t r a n s m i t t e r  a p e r t u r e  
a r e a ,  A^.
The fo re g o in g  has d i s c u s s e d  th e  o p t i c a l  app roach . An a l t e r n a t i v e  
ap p ro ach  which might be used  employs t h e  p r i n c i p l e s  deve loped  f o r  
r a d i o  sy s te m s .  Owing to  th e  d i r e c t i o n a l i t y  of n o n - i s o t r o p i c  a n te n n a e  
each  such a n ten n a  i s  assumed t o  have some m easure of g a in  when 
compared w i th  an i s o t r o p i c  a n te n n a .
The o p t i c a l  l e n s  system  employed on o p t i c a l  comm unication l i n k s  i s  
ana lo g o u s  to  a microwave r a d io  a n te n n a  system  i n  t h a t  th e  m odula ted
24
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Figure 1.4 Typical transmitter optical antenna arrangement
o p t i c a l  c a r r i e r  s i g n a l  i s  fo c u sse d  i n t o  an o p t i c a l  beam s u i t a b l e  f o r  
t r a n s m i s s io n  th ro u g h  th e  o p t i c a l  c h a n n e l .  R ad io -f req u e n c y  p r i n c i p l e s  
a r e  sometimes employed i n  which c a se  t h e  two main f e a t u r e s  used  to  
d e f i n e  t h e  perfo rm ance  of th e  o p t i c a l  a n te n n a  a r e  t h e  a n te n n a  g a in ,  
G^, and th e  beam a n g le ,  0^. From c l a s s i c a l  e l e c t r o m a g n e t i c  f i e l d  
th e o r y  f o r  a n te n n a e  [ 1 .1 7 ] ,  th e  a n te n n a  g a in  i s  d e f in e d  b y : -
  max (1 .1 3 )
^ISO
where Prpy i s  th e  maximum power p e r  u n i t  s o l i d  a n g le  r a d i a t e d  
^max
by th e  a n te n n a  and PjgQ i s  th e  power p e r  u n i t  s o l i d  a n g le  which 
would be r a d i a t e d  by a l o s s l e s s  i s o t r o p i c  a n te n n a  w i th  t h e  same power 
a p p l i e d  a t  i t s  t e r m in a l s .  I t  f o l lo w s  t h a t  i f  a  power of P w a t ts  i s  
a v a i l a b l e  t o  be t r a n s m i t t e d  th e n ,  i n  t h e  c a se  of an i s o t r o p i c  
a n te n n a ,  th e  t r a n s m i t t e d  o p t i c a l  power d e n s i t y  w i l l  b e ; -
P
PjgQ = — w a t t s / u n i t  s o l i d  an g le  (1 .1 4 )
4 ir
S u b s t i t u t i n g  (1 .1 4 )  i n  (1 .1 3 )  we o b t a i n : -
= — - a a x   (1 .1 5 )
P
Simple rea r ra n g e m e n t  of (1 .1 5 )  y i e l d s  an e x p r e s s io n  which w i l l  a s s i s t  
i n  d e r iv in g  th e  a n te n n a  beam a n g le .
Ga . P
Pq^  ----------  (1 .1 6 )
max 4 ^
The beam a n g le  was shown i n  F ig u re  1 .4 ,  and i s  d e f in e d  as th e  
















Figure 1.5 Beamwidth and antenna gain as a function of 
antenna diameter
(Note: 40,000 ^rad =  2.2°)
maximum power d e n s i t y  must be c o n c e n t r a te d  i n  o r d e r  to  have th e  same 
t o t a l  power, P. I t  f o l lo w s  t h e r e f o r e  u s in g  e q u a t io n  (1 ,1 6 )  t h a t : -




hence ~ —  s t e r a d i a n s  (1 .1 8 )
a
E q u a t io n  (1 .1 8 )  i n d i c a t e s  t h a t  th e  beam s o l i d  an g le  i s  i n v e r s e ly  
p r o p o r t i o n a l  to  t h e  a n te n n a  g a in ,  t h a t  i s  th e  h ig h e r  t h e  a n te n n a  g a in  
(an d  by d e f i n i t i o n  h ig h e r  d i r e c t i o n a l i t y )  t h e  n a rro w e r  th e  beam s o l i d  
a n g le .  I t  i s  o f t e n  more c o n v e n ie n t  i n  d e s ig n  c a l c u l a t i o n s  to  u se  t h e  
p l a n a r  beamwidth, 0^, as i n d i c a t e d  i n  F ig u re  1 .4 .  T h is  can be 
d e r iv e d  from th e  complex m a th e m a tic a l  e x p r e s s io n  f o r  t h e  f a r  f i e l d  
p a t t e r n .  On th e  a ssum ption  t h a t  th e  o p t i c a l  l e n s / a p e r t u r e  i s  
c i r c u l a r ,  and has  an e f f e c t i v e  d ia m e te r  of d ^  and i s  d i f f r a c t i o n  
l i m i t e d ,  th e n  an o p t i c a l  s i g n a l  of w a ve leng th ,  X, t r a n s m i t t e d  th rough  
th e  a n te n n a  w i l l  have a p l a n a r  3 dB beamwidth, 6^ of ap p ro x im a te ly
[1 .16]
X
0 - ----- r a d i a n s  (1 .1 9 )
^TX
F ig u re  1 .5  i n d i c a t e s  t h i s  i n t e r r e l a t i o n s h i p  f o r  t y p i c a l  v a lu e s  of X 
and d^^ and a l s o  shows th e  r e l a t i o n s h i p  w i th  a n te n n a  g a in  [ 1 .1 6 ] .
F ig u re  1 .5  i n d i c a t e s  t h a t  th e  p l a n a r  beamwidth f o r  an o p t i c a l  system  
o p e r a t i n g  a t  one m icron  and hav ing  an e f f e c t i v e  l e n s  a p e r t u r e  
d ia m e te r  of 150 mm i s  abou t 4 yrad ( m i c r o r a d i a n s ) .  T h is  ex tre m e ly  
narrow beamwidth i s  advan tageous  in  t h a t  beam s p re a d in g  due t o  th e  
t r a n s m i t  a n te n n a  i s  m in im al, bu t  i t  does g ive  r i s e  to  d i f f i c u l t i e s  i n  
a l ig n m e n t  on i n s t a l l a t i o n  of f ix e d  t e r r e s t r i a l  l i n k s .  There  a r e  even
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g r e a t e r  problem s f o r  e x t r a - t e r r e s t r i a l  l i n k s ,  eg , t o  and from ( o r  
betw een) s a t e l l i t e s  and a e ro p la n e s ,  r e s u l t i n g  i n  th e  need f o r  h ig h ly  
s o p h i s t i c a t e d  t r a c k in g  equ ipm ent. The a l ig n m e n t  problem s of 
t e r r e s t r i a l  f i x e d  l i n k s  can u s u a l l y  be m in im ised  by employing 
a c c u r a t e l y  a l ig n e d  t e l e s c o p e s  i n c o r p o r a t e d  i n  t h e  t r a n s m i t t e r  and 
r e c e i v e r  a s s e m b l ie s .
I t  i s  p e rh a p s  u s e f u l  to  n o te  how th e  r a d io - f r e q u e n c y  approach  i s  used  
i n  p r a c t i c e .  Given th e  t r a n s m i t t e r  and r e c e i v e r  a n te n n a  g a in s  i n  
d e c ib e l s  (dBs) t o g e t h e r  w i th  th e  o p t i c a l  c h a n n e l  l o s s e s  ( a l s o  i n  
d B s) ,  th e n  s im ple  summation of th e s e  p a ra m e te rs  w i l l  p ro v id e  th e  
o v e r a l l  c h a n n e l  g a in  o r  l o s s  [ 1 . 2 8 ] .  This  i s  com p le te ly  ana logous  to  
t h e  approach  employed by r a d io  system s d e s ig n e r s .
Of th e  two approaches  d i s c u s s e d  above each has i t s  m e r i t s .  In  
p r a c t i c e  i t  depends on e x a c t ly  what one i s  r e q u i r i n g  to  c a l c u l a t e  or  
p rove  as  t o  which te c h n iq u e  m ight a c t u a l l y  be a d o p te d .  Whichever 
t e c h n iq u e  i s  employed a number of s i g n i f i c a n t  p o i n t s  can be c l e a r l y  
d i s c e r n e d  v i z ;
i  The l a r g e r  th e  e f f e c t i v e  t r a n s m i t  a p e r t u r e  t h e  n a rro w e r  th e
beam f o r  a g iv en  w ave leng th .
i i  The na rrow er  th e  beam th e  g r e a t e r  t h e  r e c e iv e  power.
i i i  The n a rrow er  th e  beam th e  g r e a t e r  th e  d i f f i c u l t y  in
a lig n m e n t  of th e  t r a n s m i t t e r  and r e c e i v e r .
i v  The l a r g e r  th e  e f f e c t i v e  t r a n s m i t  a p e r t u r e  t h e  l a r g e r  t h e  
a n te n n a  g a in  f o r  a g iv e n  w av e len g th .
27
Beam
W anderOpticalsource CO o
Turbulent eddies  
giving rise to






—  increased  
attenuation
— varying attenuation  
due to scintillation
—  beam w ander
—  beam spread
Scattering  
resulting in
—  increased  
attenuation
—  beam wander
—  beam spread
Figure 1.6 Illustration of the degradation mechanisms 


























































Figure 1.7 Model of atmospheric optical line of sight system 
In block schematic form
1 .4 .3  The O p t i c a l  Channel
1 .4 .3 .1  G enera l
The f r e e  sp ace  o p t i c a l  ch an n e l  i s  r e a d i l y  m odelled  s in c e  
a tm o s p h e r ic  e f f e c t s  such as t u rb u le n c e  a r e  n o n - e x i s t e n t .  The 
on ly  m ajor p a ra m e te r  of i n t e r e s t  i n  such ch an n e ls  i s  th e  f r e e  
s p a c e  l o s s  w hereas i n  t e r r e s t r i a l  a tm o sp h e r ic  system s i t  i s  bu t  
one of a  number of s i g n i f i c a n t  p a ra m e te r s .  The f r e e  space  l o s s  
p a ra m e te r  a r i s e s  as  a  r e s u l t  of th e  o p t i c a l  beam b e in g  d i v e r g e n t  
and em anating  from a p o in t  s o u rc e  and i t  i s  p r o p o r t i o n a l  to  th e  
i n v e r s e  s q u a re  of th e  p a th  l e n g t h  [ 1 .1 6 ] .
U n f o r tu n a te ly  i n  an a tm o sp h e r ic  o p t i c a l  ch a n n e l  t h e r e  a r e  
a d d i t i o n a l  d e g ra d a t io n  mechanisms p r e s e n t  which g ive  r i s e  to  
a t t e n u a t i o n  and d i s p e r s i o n  of th e  t r a n s m i t t e d  s i g n a l .
These  d e g r a d a t io n  mechanisms may be c a t e g o r i s e d  a s :
. s c a t t e r i n g  e f f e c t s  
. t u r b u l e n t  e f f e c t s  
. m a t e r i a l  e f f e c t s  (eg  a b s o rp t io n )
These e f f e c t s  a r e  i l l u s t r a t e d  i n  F ig u re  1 .6  and p r e s e n te d  as  a 
d iag ram m atic  model i n  F ig u re  1 .7 .
These  e f f e c t s  a r i s e  b ecau se ,  when an e le c t r o m a g n e t i c  wave 
p r o p a g a te s  th rough  a n o n - f r e e  space  c h a n n e l ,  i t s  wave f r o n t  i s  
a l t e r e d .  These a l t e r a t i o n s  a r e  a f u n c t i o n  of t h e  w av e len g th  of 
o p e r a t i o n  and a r e  caused  by i n t e r a c t i o n s  of th e  wave w i th  
i n h o m o g e n e i t ie s ,  a e ro s o l s  and i m p u r i t i e s  i n  t h e  a tm o s p h e r ic  
medium. These e f f e c t s  become more s e v e r e  a s  th e  w a ve leng th  
d e c r e a s e s  and becomes com parable w i th  th e  s i z e  of th e  
in h o m o g e n e i t ie s ,  a e ro s o l s  and i m p u r i t i e s ,  and hence  o p t i c a l
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s i g n a l s ,  hav ing  w ave leng th s  i n  th e  m icron  r e g io n  a r e  more 
s u s c e p t i b l e  th a n  say microwave r a d io  s i g n a l s ,  which have 
w a v e len g th s  on th e  o r d e r  of m i l l i m e t r e s .
Each of th e s e  e f f e c t s  w i l l  be d i s c u s s e d  b r i e f l y  w i th  th e  o b j e c t  
o f  h i g h l i g h t i n g  th e  n a tu r e  of th e  r e s u l t a n t  system s perfo rm ance  
d e g r a d a t io n  and th e  o r d e r  of m agnitude of th e  e f f e c t .
1 . 4 . 3 . 2  S c a t t e r i n g  E f f e c t s
There  a r e  two m ajor s c a t t e r i n g  e f f e c t s  which occur  i n  th e  
a tm osphere  known a s : -
-  R ay le igh  s c a t t e r i n g ,  and
-  Mie s c a t t e r i n g .
R a y le ig h  s c a t t e r i n g  i s  p r im a r i l y  due t o  in h o m o g e n e i t ie s  i n  t h e  
m o le c u la r  s t r u c t u r e  of th e  a tm osphere .  I t  has  been  shown [1 .18] 
t h a t  th e  l o s s  due to  R a y le igh  s c a t t e r i n g  i s  p r o p o r t i o n a l  t o  t h e  
i n v e r s e  of th e  f o u r t h  power of th e  w av e len g th  of t h e  o p t i c a l  
s i g n a l : -
1
L * " 7  (1.20)
R ay le igh  %4 
where X = w ave leng th  of th e  o p t i c a l  s i g n a l .
R a y le ig h  s c a t t e r i n g  i n  a c l e a r  a tm osphere  a t ,  f o r  i n s t a n c e ,  a 
w a v e len g th  of one m icron  i s  f a i r l y  minimal a t  l e s s  th a n  0 .1  
dB/km, and d e c re a s e s  r a p i d l y  as th e  w av e len g th  i s  i n c r e a s e d .
Mie S c a t t e r i n g  on th e  o t h e r  hand i s  s c a t t e r i n g  due t o  th e  
p r e s e n c e  of l a r g e  p a r t i c l e s  such as fo g ,  smoke, w a te r  d r o p l e t s  
e t c  i n  th e  a tm osphere . S c a t t e r i n g  of t h i s  type  can be q u i t e  
s e v e r e  and can  c o n t r i b u t e  as  much as 1-10 dB/km t o  t h e  p a th  l o s s
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Figure 1.8 Atmospheric scattering loss as a function of wavelength.
i n  p a r t i c u l a r l y  bad c a s e s ,  and can r e s u l t  i n  com ple te  s h u t  down 
of  th e  system  i f  i n s u f f i c i e n t  m argins a r e  a v a i l a b l e .
D ata  on th e  m agnitude of th e  s c a t t e r i n g  c o e f f i c i e n t s  ( f o r  bo th  
R a y le ig h  and Mie S c a t t e r i n g )  as  a f u n c t i o n  of b o th  w ave leng th  
and a l t i t u d e  has  been d e r iv e d  from v a r io u s  e m p i r i c a l  s t u d i e s  
[ 1 . 1 9 ] ,  and t y p i c a l  r e s u l t s  a r e  shown i n  F ig u re  1 .8 .
I t  f o l lo w s  from th e  fo re g o in g  t h a t  th e  s c a t t e r i n g  of an o p t i c a l  
beam r e s u l t s  i n  d i s t o r t i o n  of th e  beam w av efro n t  and i t s  
beamwidth le a d in g  to  a r e d u c t io n  i n  r e c e iv e d  o p t i c a l  power l e v e l  
a t  t h e  r e c e i v e r .
S c a t t e r i n g  which g iv e s  r i s e  to  th e s e  e f f e c t s  may be b ro a d ly  
d iv id e d  i n t o  two c a t e g o r i e s : -
-  weak s c a t t e r i n g
-  s t r o n g  s c a t t e r i n g .
With weak s c a t t e r i n g  t h e r e  i s  beam movement b u t  t h e  beam 
w a v e f ro n t  i s  s u b s t a n t i a l l y  u n a f f e c t e d .  T h is  i s  u s u a l l y  known as 
beam wander. In  a d d i t i o n  th e  o r i e n t a t i o n  of th e  p la n e  w a v e f ro n t  
can  change, known as wave t i l t ,  and a l s o  t h e  beamwidth can 
i n c r e a s e ,  known as beam s p r e a d in g .  Such e f f e c t s  g e n e r a l l y  occur  
when th e  beamwidth i s  much na rrow er  th a n  th e  c r o s s - s e c t i o n  of 
t h e  in h o m o g e n e i t ie s .
S tro n g  s c a t t e r i n g  on th e  o t h e r  hand o ccu rs  when p a r t i c l e s  i n  th e  
o p t i c a l  ch an n e l  such as fo g ,  smoke, r a i n  e t c  a r e  p a r t i c u l a r l y  
d en se  and th e  beamwidth i s  much l a r g e r  th a n  th e  c r o s s - s e c t i o n  of 
t h e  i m p u r i t i e s .  I n  t h i s  i n s t a n c e  each  p a r t i c l e  a c t s  as  a 
d i s c r e t e  s c a t t e r e r  f o r  d i f f e r e n t  p o in t s  a lo n g  th e  b e a m -f ro n t  and 
hence  i n  a dense  medium th e  s c a t t e r i n g  becomes q u i t e  a c u te
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r e s u l t i n g  i n  th e  b rea k -u p  of th e  beam w a v e f ro n t .  I t  fo l lo w s  
t h a t  s i n c e  t h e  l o c a t i o n ,  movement, and d e n s i t y  of th e  s c a t t e r i n g  
p a r t i c l e s  i s  random, t h e  d i s t o r t i o n  of th e  beam w avefron t  w i l l  
a l s o  be random i n  n a tu r e ,  r e s u l t i n g  i n  a randomly v a ry in g  
a m p l i tu d e  and phase  a c ro s s  th e  beam. These e f f e c t s  can be 
m in im ised  by i n c r e a s i n g  th e  e f f e c t i v e  d ia m e te r  of th e  r e c e i v e r  
a p e r t u r e ,  a t e c h n iq u e  known as ' a p e r t u r e  a v e ra g in g '  [ 1 .2 0 ] .
S c a t t e r i n g  of an o p t i c a l  s i g n a l  can a l s o  g ive  r i s e  t o  s ig n a l  
( p u l s e )  d i s p e r s i o n .  I n  o th e r  words a t r a n s m i t t e d  r e c t a n g u l a r  
o p t i c a l  s i g n a l  p u l s e  w i l l  become d i s p e r s e d  i n  tim e as i t  
p r o p a g a te s  th rough  th e  a tm o sp h e r ic  o p t i c a l  communications 
c h a n n e l  g iv in g  r i s e  to  an o v e r a l l  r e d u c t io n  i n  bandw idth  of th e  
o p t i c a l  ch an n e l  f o r  a g iv e n  o p t i c a l  c a r r i e r .
P u l s e  d i s p e r s i o n  occu rs  i n  s t r o n g  s c a t t e r i n g ,  c hanne ls  due to  
m u l t i p a t h  e f f e c t s .  The v a r io u s  m u l t i p a t h  s i g n a l s  a r r i v e  a t  th e  
o p t i c a l  d e t e c t o r  i n  th e  r e c e i v e r  a t  d i f f e r e n t  t im es  r e s u l t i n g  i n  
d i s p e r s e d  p u l s e s  i n  t h e  c a se  of d i g i t a l  com m unications sy s te m s .  
F o r tu n a t e ly  such d i s p e r s i o n  i s  on ly  n o rm a lly  a m ajo r  problem i n  
system s d e s ig n  i f  th e  d e la y  d i s p e r s i o n  i s  a s i g n i f i c a n t  p o r t i o n  
of  th e  b i t  p e r io d .
For a c l e a r  a i r  t u r b u l e n t  ( s c a t t e r i n g )  c h a n n e l  th e  p u ls e  
d i s p e r s i o n  i s  t y p i c a l l y  a few p ic o  se co n d s ,  im p ly ing  a ch an n e l  
bandw id th  of hundreds of G ig a h e r tz ,  which i s  no t  troub lesom e f o r  
t h e  v a s t  m a jo r i t y  of communications sy s te m s .
1 .4 .3 .3  T u rb u le n t  E f f e c t s
T u rb u le n t  e d d ie s  i n  th e  a tm osphere  a r e  produced  as a r e s u l t  of 
sm a l l  t e m p e ra tu re  d i f f e r e n c e s  betw een a d ja c e n t  volumes of a i r .  
T u rb u le n c e  i s  p a r t i c u l a r l y  a c u te  n e a r  t h e  ground and i t s
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m agnitude  i s  a f f e c t e d  by r e t a i n e d  ground h e a t  and h e a t  em iss io n s
from b u i ld in g s  such as v e n t i l a t i o n  o u t l e t s .  The t u r b u l e n t
e d d ie s  cause  v a r i a t i o n s  i n  t h e  r e f r a c t i v e  index  s t r u c t u r e  of th e
a tm osphere  which, d e s p i t e  b e in g  s m a l l ,  t y p i c a l l y  only  a few
p a r t s  i n  10^, can have a p ro found  cum u la t iv e  e f f e c t  upon th e
p e rfo rm an ce  of a tm o sp h e r ic  comm unication system s g iv in g  r i s e  to
beam wander, a ng le  of a r r i v a l  f l u c t u a t i o n s ,  beam b ro ad e n in g  and
i n t e n s i t y  f l u c t u a t i o n s  known as s c i n t i l l a t i o n s .  C o n v e n t io n a l ly
t h i s  r e f r a c t i v e  index  s t r u c t u r e  i s  g iv en  by a p a ra m e te r  u s u a l l y  
2r e p r e s e n t e d  as , which i s  c o n s id e re d  i n  more d e t a i l  i n  
C h a p te r  5 .
The v a r i a t i o n s  in  th e  r e f r a c t i v e  index  s t r u c t u r e  g ive  r i s e  to  
c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r f e r e n c e  e f f e c t s  which r e s u l t  
i n  f l u c t u a t i o n s  i n  th e  r e c e iv e d  s i g n a l  l e v e l .  Such e f f e c t s  a r e  
n o rm a l ly  r e f e r r e d  to  as  ' s c i n t i l l a t i o n * .  I t  has  been 
e s t a b l i s h e d  by v a r io u s  w orkers  [1 .16] t h a t  t h e s e  s i g n a l  l e v e l  
f l u c t u a t i o n s  d e c re a s e  w i th  i n c r e a s i n g  w av e len g th ,  w i th  h e ig h t  
above th e  ground, and w i th  i n c r e a s i n g  r e c e i v e r  a p e r t u r e  s i z e .
As an i n d i c a t i o n  of th e  o r d e r  of m agnitude of th e  
s c i n t i l l a t i o n s ,  a 1 km l i n k  l o c a t e d  10-20 m above ground l e v e l  
may e x p e r ie n c e  f l u c t u a t i o n s  of 10 dB o r  more when tu r b u le n c e  
e f f e c t s  a r e  p a r t i c u l a r l y  l a r g e .  The f req u en cy  of th e  
f l u c t u a t i o n s  ( o r  s c i n t i l l a t i o n s ) ,  depends on th e  wind speed  
norm al t o  t h e  o p t i c a l  p a th ,  bu t  dominant f re q u e n c y  components i n  
t h e  range 20-100 Hz a re  t y p i c a l  w i th  low er  m agnitude components 
e x te n d in g  up to  1 kHz. The problem  i n  m o d e l l in g  t h e s e  
s c i n t i l l a t i o n s  i s  t h a t  they a re  random ( s t o c h a s t i c )  i n  n a tu r e  
and can only  be d e s c r ib e d  s t a t i s t i c a l l y .  V a r io u s  t h e o r i e s  on 
tu r b u l e n c e  a r e  c o n s id e re d  i n  C hap te r  4 and th e  e f f e c t  of
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Figure 1.9 Atmospheric transmittance
( a f t e r  Gower (1 .2 8 )  )
t u r b u le n c e  on system  perfo rm ance  i s  q u a n t i f i e d  i n  th e  h y p o th e s i s  
g iv e n  i n  C hap te r  6 .  D e ta i l e d  c o n s i d e r a t i o n  of th e  a tm o sp h e r ic  
r e f r a c t i v e  index  s t r u c t u r e  p a ra m e te r  i s  g iv e n  i n  C hap te r  5 ,
1 . 4 . 3 . 4  M a te r i a l  E f f e c t s
A b s o rp t io n  i s  one of th e  m ajor l o s s  mechanisms i n  a tm o sp h e r ic  
o p t i c a l  communication system s and occu rs  as a r e s u l t  of 
a b s o r p t io n  of energy  a t  th e  f req u en cy  (w a v e len g th )  of v i b r a t i o n  
o f  th e  p a r t i c u l a r  m o lecu le s  p r e s e n t  i n  t h e  a tm osphere .
A t y p i c a l  p l o t  of a tm o sp h e r ic  a b s o r p t io n  a g a i n s t  w ave leng th  i s  
g iv e n  i n  F ig u re  1 .9 .  I t  can be r e a d i l y  s e en  t h a t  t h e r e  a re  
c e r t a i n  w ave leng ths  a t  which i t  would be most i n a p p r o p r i a t e  to  
o p e r a t e  any o p t i c a l  sy s te m s .  These u n d e s i r a b l e  w av e len g th s  a re  
commonly th o s e  a t  which a b s o r p t io n  peaks o ccu r  f o r  many of th e  
main c o n s t i t u e n t s  of th e  a tm osphere  such as oxygen, carbon  
d io x id e  and th e  OH r a d i c a l  and th e s e  a r e  shown i n  th e  f i g u r e .  
M ajor a b s o r p t io n  peaks occur  a t  w av e len g th s  of 2 .7  (H^O and 
CO2 ) , 6 .1  (HgO) and 15.0 (CO2 ) pn. Most o p t i c a l  
com m unications system s o p e r a t e  a t  th o se  common l a s e r  o p e r a t in g  
w a v e len g th s  which c o in c id e  w i th  minimal a b s o r p t io n  w ave leng th  
r e g io n s  i n  t h e  a b s o r p t io n  s p e c t r a l  p l o t .  T y p ic a l  w av e len g th s  
a r e  i n  t h e  800-900 nm r e g io n  where sem ico n d u c to r  s o u rc e s  a r e  
r e a d i l y  a v a i l a b l e  and a t  w av e len g th s  of around 10 ym i n  which 
r e g io n  CO2 gas  l a s e r s  t y p i c a l l y  o p e r a t e .  T y p ic a l  c l e a r  a i r  
l o s s e s  a r e  on th e  o r d e r  of 0 . 1 -  1.0 dB/km a t  w av e len g th s  around 
850 nm ( s e e  a l s o  F ig u re  1 . 8 ) .
Of c o u rse  any i m p u r i t i e s  i n  th e  a i r ,  a n d /o r  a tm o sp h e r ic  
i n g r e d i e n t s  such as r a i n ,  fo g ,  snow e t c ,  w i l l  a l l  i n c r e a s e  th e  
a t t e n u a t i o n  of an o p t i c a l  ch an n e l  t re m en d o u s ly ,  t y p i c a l l y  by
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10 dB or  more depending  on th e  c o n c e n t r a t i o n  of r a i n ,  snow, fog 
e t c  and on th e  p a th  l e n g th .  These a tm o sp h e r ic  e f f e c t s  a r e  a 
m ajo r  c o n s id e r a t i o n  i n  t h e  d e s ig n  and u t i l i s a t i o n  of a tm o sp h e r ic  
o p t i c a l  communication system s and a r e  p ro b ab ly  t h e  b ig g e s t  
f a c t o r s  which have p re v e n te d  such system s b e in g  u n i v e r s a l l y  
a d o p te d ,  s in c e  they  can e a s i l y  r e n d e r  a t e r r e s t r i a l  o p t i c a l  
com m unication system  unw orkable .
1 .4 .4  O v e r a l l  O p t i c a l  Channel Model
B r in g in g  th e  p re v io u s  p a r t s  of S e c t io n  1 .4 .3  t o g e t h e r  i t  i s  p o s s ib l e  
t o  d e r iv e  a s im p le  model f o r  th e  a tm o sp h e r ic  o p t i c a l  c h a n n e l .  The 
t o t a l  o p t i c a l  a t t e n u a t i o n  c o e f f i c i e n t  of an a tm o sp h e r ic  c h a n n e l ,
, i s  g iv en  b y : -
= *fs + a  + *sc (1 -2 1 )
where ®fg = f r e e  space  l o s s  c o e f f i c i e n t .
= a b s o r p t io n  l o s s  c o e f f i c i e n t .
= s c a t t e r i n g  l o s s  c o e f f i c i e n t .
As a l r e a d y  d i s c u s s e d  i n  S e c t io n  1 .4 . 3 . 2  t h e  s c a t t e r i n g  l o s s  
c o e f f i c i e n t  i s  g iv e n  by:
where = R ay le igh  s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t .
= Mie s c a t t e r i n g  a t t e n u a t i o n  c o e f f i c i e n t .
SCR
s Cm
The t o t a l  p a th  l o s s ,  of an o p t i c a l  l i n k  i s  g iv en  b y : -
= e” “f ^  ( 1 .2 3 )
where L = t h e  p a th  le n g th
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Figure 1.10 Overall system model for optical channel
The v a r i a t i o n  of p a th  l o s s  w i th  t im e , i e  a m p li tu d e  f l u c t u a t i o n s  a t  
t h e  r e c e i v e r  due to  s c i n t i l l a t i o n  e f f e c t s  can be ta k e n  i n t o  accoun t 
by employing a f a c t o r  f o r  th e  random ch an n e l  g a in  ( o r  l o s s )
[ 1 . 1 6 ] ,  such t h a t  t h e  o v e r a l l  p a th  l o s s  i s  g iv e n  b y : -
L o v ( t )  = (1 .2 4 )
I t  i s  im p o r ta n t  to  n o te  t h a t  a l l  t h e  above e x p re s s io n s  a r e  w ave leng th  
de penden t  and a r e  t h e r e f o r e  a  f u n c t i o n  of th e  w a ve leng th ,  X, of th e  
o p t i c a l  s i g n a l .
The model f o r  d i s p e r s i o n  e f f e c t s  i s  g iv en  b y : -
, 2  2 ^  ^2 (1 .2 5 )
t o t  s c  mat
where t^^ ^  = t o t a l  d i s p e r s i o n  over  th e  com ple te  o p t i c a l  c h a n n e l ,  
t g ^  = d i s p e r s i o n  due to  m u l t ip a t h  e f f e c t s  i n  a s c a t t e r i n g  
c h a n n e l ,  
tm at "  m a t e r i a l  d i s p e r s i o n .
tg ^  i t s e l f  i s  g iv e n  b y : -
2 2 2 9
C s e  =  +  t s c w  +  t b t  < 1 - 26 )
where t  = d i s p e r s i o n  due to  R ay le igh  s c a t t e r i n g .SCr
t  = d i s p e r s i o n  due to  Mie s c a t t e r i n g .
t b t  “ d i s p e r s i o n  due t o  beam t i l t  a t  th e  r e c e i v e r .
A sc h em a tic  d iagram  of th e  o p t i c a l  ch an n e l  model i s  g iv e n  i n  
F ig u re  1 .1 0 .  The e f f e c t s  g iv in g  r i s e  to  v a ry in g  c h a n n e l  g a in  a r e  



















Figure 1.11 Block diagram of optical receiver
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Figure 1.12 Optical receiver lens system
1 .4 .5  The O p t i c a l  R e c e iv e r
1 .4 .5 .1  The O p t i c a l  R e c e iv e r  Model
F ig u re  1 .11  shows a b lo ck  diagram  of a  t y p i c a l  o p t i c a l  r e c e i v e r  
and  t h e  o p t i c a l  r e c e i v e r  l e n s  system  i s  shown i n  more d e t a i l  i n  
F ig u r e  1 .1 2 .  A lthough a convex l e n s  sys tem  i s  shown i n  t h i s  
f i g u r e  concave l e n s e s  can be u s e d .  T y p ic a l  a r ra n g e m e n ts  c o n s i s t  
o f  a f o c u s s in g  l e n s  o r  l e n s  sy s tem , a s p a t i a l  f i l t e r ,  a 
f re q u e n c y  (w a v e le n g th )  f i l t e r  ( d e s i r a b l y  a b andpass  f i l t e r )  and 
a  p h o t o - d e t e c t o r .  The optimum a p e r t u r e  s i z e  f o r  t h e  l e n s  i s  a 
f u n c t i o n  o f  a  number of p a ra m e te r s .  I t  sh o u ld  be l a r g e  i n  o r d e r  
t o  b e n e f i t  from a p e r t u r e  a v e ra g in g  e f f e c t s  i n  o r d e r  to  maximise 
t h e  r e c e iv e d  o p t i c a l  s i g n a l  power ( s e e  C h a p te r  4 ) ,  t o  m in im ise  
t h e  e f f e c t s  of beam wander e t c ,  and t o  f a c i l i t a t e  a l ig n m e n t  on 
i n s t a l l a t i o n .  On t h e  o t h e r  hand th e  l a r g e r  t h e  l e n s  d ia m e te r  
becomes, t h e  more unw ie ldy  i s  th e  equipm ent i n  term s of b o th  
s i z e  and w e ig h t ,  and th e  g r e a t e r  t h e  amount of background 
r a d i a t i o n  which i s  r e c e iv e d ^  The f o c a l  l e n g t h ,  f ,  of t h e  l e n s  
i s  u s u a l l y  a compromise betw een d e s i r e d  sys tem  p e rfo rm a n c e  and 
equ ipm ent s i z e .  The p h o t o - s e n s i t i v e  o p t i c a l  d e t e c t o r  h a v in g  a 
s e n s i t i v e  a r e a ,  A^, i s  l o c a t e d  i n  t h e  f o c a l  p l a n e .
The o p t i c a l  power r e c e iv e d ,  Pj^, a t  t h e  r e c e i v e r  was deduced 
u s in g  t h i n  l e n s  th e o ry  i n  e q u a t io n  ( 1 . 1 2 ) .  I n  t h e  c a s e  of an 
a tm o s p h e r ic  ch a n n e l  a b s o r p t io n  and s c a t t e r  e f f e c t s  need  to  be 
in c lu d e d  such  t h a t  e q u a t io n  ( 1 .1 2 )  becom es ;-
Pt '^a
P%(t) = ( 1 .2 7 )
X L
w here T^ = a tm o s p h e r ic  t r a n s m i t t a n c e  f a c t o r  due t o  a b s o r p t i o n ,  
s c a t t e r i n g  and s c i n t i l l a t i o n  e t c .
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The d e t e c t e d  o p t i c a l  power i s  a l s o  a f u n c t i o n  of t h e  r e c e i v e r  
f i e l d  of v iew . O f f - a x i s  s i g n a l s  w i t h i n  t h e  d e s ig n  f i e l d  of view 
w i l l  f a l l  on t h e  a c t i v e  s u r f a c e  a r e a  of th e  d e t e c t o r .  I t  
f o l lo w s  t h a t  t h e  r e c e i v e r  f i e l d  of view i s  a  m ajor  d e s ig n  
p a ra m e te r  s i n c e  to o  sm a l l  a v a lu e  would r e s u l t  i n  s c a t t e r e d  
o f f - a x i s  s i g n a l s  n o t  b e in g  d e t e c t e d .  On t h e  o t h e r  hand to o  
l a r g e  a v a lu e  would p e rm i t  a l a r g e r  amount of background 
r a d i a t i o n  t o  be d e t e c t e d .
The r e c e i v e r  f i e l d  of view i s  t h e  s o l i d  a n g le  lo o k in g  o u t  from 
t h e  r e c e i v e r  w i t h i n  which a l l  a r r i v i n g  p la n e  waves m ust o c c u r  i n  
o r d e r  f o r  t h e i r  d i f f r a c t i o n  p a t t e r n  t o  be p r o j e c t e d  o n to  t h e  
a c t i v e  a r e a  of th e  d e t e c t o r .
G eom etr ic  a n a l y s i s  of F ig u re  1 .1 2  r e v e a l s  t h a t ,  assum ing 
r e l a t i v e l y  sm a l l  a n g le s ,  t h e  f i e l d  of view i s  g iv e n  b y ; -  
A
«fv = - f  ( 1 -28)
f
where A^ = e f f e c t i v e  d e t e c t o r  a r e a .
f  = f o c a l  l e n g t h  of t h e  r e c e i v e r  l e n s .
The f i e l d  of view i s  o b v io u s ly  r e l a t e d  t o  t h e  s i z e  of t h e  
d e t e c t o r  a c t i v e  a r e a .  I n  p r i n c i p l e  i t  would be d e s i r a b l e  t o  
have q u i t e  a  l a r g e  d e t e c t o r  a c t i v e  a r e a ,  s i n c e  t h i s  would p e rm i t  
a p e r t u r e  a v e ra g in g  [1 .20]  and a l s o  i n c r e a s e  t h e  r e c e i v e r  f i e l d  
o f  v iew . T h is  would a l s o  f a c i l i t a t e  t h e  m a n u fa c tu r in g  p r o c e s s  
i n  r e s p e c t  of th e  a l ig n m e n t  of t h e  r e c e i v e r  l e n s  t o  t h e  
d e t e c t o r ,  and a l s o  a l ig n m e n t  of t h e  t r a n s m i t t e r  t o  t h e  r e c e i v e r  
on i n s t a l l a t i o n  of th e  l i n k .  In  p r a c t i c e  t h e r e  has  t o  be a 
compromise s in c e  t h e  l a r g e r  t h e  d e t e c t o r  s e n s i t i v e  a r e a  t h e  
l a r g e r  i s  t h e  j u n c t i o n  c a p a c i t a n c e ,  which ten d s  t o  r e s t r i c t  t h e
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c h a n n e l  bandw id th  and hence  th e  maximum d i g i t a l  c a p a c i ty  of th e  
l i n k .
The s m a l l e s t  s a t i s f a c t o r y  f i e l d  of view i s  known as th e  
d i f f r a c t i o n  l i m i t e d  f i e l d  of view as shown i n  F ig u re  1 .1 2 .  The 
d i f f r a c t i o n  l i m i t e d  f i e l d  of v iew , i s  g iv e n  b y : -
where ( Xf)^/Ap^ = Area of main hump of d i f f r a c t i o n  p a t t e r n .
Aj  ^ = e f f e c t i v e  r e c e i v e r  l e n s  a r e a .
I t  f o l lo w s  t h e r e f o r e  t h a t  t h e  d i f f r a c t i o n  l i m i t e d  f i e l d  o f  view 
i s  a d i r e c t  f u n c t i o n  of t h e  e f f e c t i v e  l e n s  a r e a  of  t h e  r e c e i v e r .  
I t  i s  seldom  p r a c t i c a b l e  t o  a r r a n g e  f o r  t h e  a r e a  of t h e  d e t e c t o r  
t o  be such  t h a t  t h e  r e c e i v e r  f i e l d  of view i s  e q u a l  t o  t h e  
d i f f r a c t i o n  l i m i t e d  f i e l d  of v iew . Indeed  i n  p r a c t i c e  i s  
u s u a l l y  much l a r g e r  th a n
1 . 4 . 5 . 2  Background R a d ia t i o n
R e fe re n c e  has  a l r e a d y  been  made to  background r a d i a t i o n .  T h is  
r a d i a t i o n  i s ,  of c o u rs e ,  u n d e s i r a b l e  s in c e  i t  a p p e a rs  as an 
a d d i t i o n a l  n o i s e  s o u rc e ,  e f f e c t i v e l y  d e g ra d in g  t h e  sy s tem  s i g n a l  
t o  n o i s e  r a t i o  (and  e r r o r  r a t e  i n  d i g i t a l  s y s te m s ) .  The d e s ig n  
o f  th e  r e c e i v e r  o p t i c s  w i l l  a f f e c t  t h e  amount of background  
r a d i a t i o n  d e t e c t e d .  Background r a d i a t i o n  from w h a te v e r  s o u rc e  
f a l l i n g  w i t h i n  t h e  r e c e i v e r  f i e l d  of view w i l l  be d e t e c t e d  
a l th o u g h  th e  r e c e i v e r  f i e l d  of view can be l i m i t e d  by i n s e r t i n g  
a s p a t i a l  f i l t e r  i n  be tw een th e  r e c e i v e r  l e n s  and t h e  d e t e c t o r .  
I n  a d d i t i o n  th e  i n s e r t i o n  of a f re q u e n c y  ( o r  w a v e len g th )
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bandpass  f i l t e r ,  a l s o  betw een th e  r e c e i v e r  l e n s  and th e  
d e t e c t o r ,  w i l l  red u c e  th e  d e t e c t e d  l e v e l  of  background r a d i a t i o n  
s t i l l  f u r t h e r .
Background r a d i a t i o n  can  be d iv id e d  i n t o  two b a s i c  ty p e s  [1 .23]  
v i z : -
i  d i f f u s e  background r a d i a t i o n ,  such as t h e  sk y ,
i i  p o i n t  s o u rc e s  such  as s t a r s ,  t h e  su n ,  a r t i f i c i a l  
t e r r e s t r i a l  l i g h t s  e t c .
I t  i s  u s u a l  [1 .16 ]  t o  d e s c r i b e  background r a d i a t i o n  s o u rc e s  i n  
te rm s  of a  s p e c t r a l  r a d i a n c e  f u n c t i o n  N (f )  w hich i s  d e f in e d  as 
t h e  power r a d i a t e d  a t  a  f re q u e n c y  f  p e r  u n i t  bandw id th  i n t o  a 
s o l i d  a n g le  p e r  u n i t  of s o u rc e  a r e a .  For i n s t a n c e  i f  th e  
r e c e i v i n g  a n te n n a  h as  an e f f e c t i v e  l e n s  a r e a  of Aj^, which i s  
l o c a t e d  a d i s t a n c e ,  L, from th e  s o u rc e  of t h e  background n o i s e ,  
t h e n  t h e  s p e c t r a l  r a d i a n c e  f u n c t i o n  i s  t h e  s o l i d  a n g le  m easured  
from  t h e  s o u rc e  of Aj^/L s t e r a d i a n s .
Between t h e  background n o i s e  s o u rc e  and th e  r e c e i v e r  t h e  
background  r a d i a t i o n  i s  a f f e c t e d  by th e  t r a n s m i t t a n c e  of th e  
a tm o sp h e re ,  T^, and th e  t r a n s m i t t a n c e  of t h e  r e c e i v e r  o p t i c s ,  
Tgx* a d d i t i o n  an o p t i c a l  f re q u e n c y  (w a v e le n g th )  f i l t e r ,  i f  
p ro v id e d ,  w i l l  p a s s  r a d i a t i o n  o v e r  an o p t i c a l  bandw id th  of B^ 
m ic ro n s .
I n  p r a c t i c e  t h e  r e c e i v e r  f i e l d  o f  v iew , i s  f a i r l y  narrow
and i f  i t  i s  assumed t h a t  t h e  s u r f a c e  of t h e  background  n o i s e  
s o u rc e  i s  norm al t o  t h e  r e c e i v e r  a x i s  th e n  th e  r e c e iv e d  
background  n o i s e  power, P^, i s  g iv e n  by [ 1 .1 6 ] :
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= N (f)  . • ®o w a t t s  (1 .3 0 )
where i s  t h a t  p a r t  of which i s  su b te n d e d  by th e  
background n o i s e  s o u rc e  a t  t h e  r e c e i v e r .
T h is  e x p r e s s io n  g iv e s  th e  background n o i s e  power f o r  a  p o i n t  
s o u r c e .
When th e  background n o i s e  s o u rc e  i s  e x te n d e d  and c o m p le te ly  
f i l l s  th e  r e c e i v e r  f i e l d  of v iew , as i s  t h e  c a s e  f o r  t h e  d i f f u s e  
background  r a d i a t i o n  from th e  sky  th e n :
where i s  t h e  p la n e  a n g le  r a d i a n  m easure  of f o r  a
c o n i c a l l y  shaped  f i e l d  of v iew .
The e x p r e s s io n  f o r  t h e  background n o i s e  power due t o  d i f f u s e  
background  r a d i a t i o n  d e r iv e d  from E q u a t io n  ( 1 .3 0 )  i s  th e n
[ 1 .1 6 ] ;
N (f)  . ir . . Bo
Py  ----------------------------------------  w a t t s  ( 1 .3 2 )
4
M easured d a t a  on t h e  i r r a d i a n c e  f u n c t i o n s  of background  n o i s e  
s o u rc e s  i s  g iv e n  i n  r e f e r e n c e  [ 1 .2 4 ] .
1 . 4 . 5 . 3  D e te c t io n
T here  a r e  two main d e t e c t i o n  methods employed on o p t i c a l  
com m unications  system s
-  N o n-coheren t  ( d i r e c t )  d e t e c t i o n
-  C oheren t d e t e c t i o n .
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I n  n o n -c o h e re n t  d e t e c t i o n  system s th e  o p t i c a l  s i g n a l  i s  fo c u s s e d  
o n to  t h e  d e t e c t o r  which c o n v e r t s  i t  i n t o  an  e l e c t r i c a l  s i g n a l .
I f  th e  d e t e c t o r  was p e r f e c t ,  and had a quantum e f f i c i e n c y  of 
100%, th e n  each  pho ton  f a l l i n g  o n to  t h e  d e t e c t o r  s e n s i t i v e  a r e a  
would r e s u l t  i n  t h e  r e l e a s e  of one e l e c t r o n .  I n  p r a c t i c e  
quantum e f f i c i e n c i e s  of 50-70% a r e  t y p i c a l .  The e l e c t r i c a l  
s i g n a l  p roduced  a t  t h e  d e t e c t o r  i s  a r e p l i c a ,  a l th o u g h  i n  
a d v e r s e  c a s e s  a  somewhat vague one, of t h e  e l e c t r i c a l  s i g n a l  
u s e d  t o  d r iv e  t h e  o p t i c a l  s o u rc e  a t  t h e  t r a n s m i t t e r .  The 
d e t e c t e d  e l e c t r i c a l  s i g n a l  w i l l  be s e v e r e ly  red u c e d  i n  a m p li tu d e  
due t o  t h e  a t t e n u a t i o n  of t h e  o p t i c a l  c h a n n e l  r e s u l t i n g  i n  a 
d e g ra d e d  s i g n a l  t o  n o i s e  v a lu e .  I n  a d d i t i o n  s i g n a l  d i s p e r s i v e  
e f f e c t s  i n  t h e  o p t i c a l  c h a n n e l  may r e s u l t ,  i n  t h e  c a s e  of 
d i g i t a l  sy s te m s ,  i n  p u l s e  t a i l s  a p p e a r in g  i n  z e ro  tim e s l o t s ,  
g i v in g  r i s e  t o  in te r s y m b o l  i n t e r f e r e n c e .  In te r s y m b o l  
i n t e r f e r e n c e  c a u se s  c lo s i n g  of t h e  ’e y e ’ p a t t e r n s  r e s u l t i n g  i n  a 
d e g rad ed  s i g n a l  to  n o i s e  r a t i o ,  and hence  a p o o r e r  e r r o r  r a t e  
p e r fo rm a n c e  [ 1 .1 5 ] .
E q u a l i s a t i o n  c i r c u i t r y  fo l lo w in g  a p o s t  d e t e c t i o n  a m p l i f i e r  i s  
o f t e n  u se d  t o  com pensate  f o r  t h e  d i s p e r s i v e  e f f e c t s  of th e  
o p t i c a l  c h a n n e l  and t h e  d e t e c t o r / a m p l i f i e r  c o m b in a t io n .  A f t e r  
e q u a l i s a t i o n  t h e  s i g n a l  may be f u r t h e r  a m p l i f i e d  and r e g e n e r a t e d  
a s  n e c e s s a r y .  A b lo ck  sc h e m a tic  d iagram  of a  t y p i c a l  r e c e i v e r  
was shown i n  F ig u re  1 .1 1 .
C ohe ren t  d e t e c t i o n  i s  somewhat d i f f e r e n t  t o  d i r e c t  d e t e c t i o n  i n  
t h a t  t h e  r e c e iv e d  o p t i c a l  s i g n a l  i s  mixed w i th  a l o c a l l y  
g e n e r a te d  o p t i c a l  s i g n a l .  The combined s i g n a l  i s  t h e n  d e t e c t e d  
a s  f o r  t h e  d i r e c t  d e t e c t i o n  s y s te m s .  T here  a r e  two p r i n c i p l e  
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Figure 1.13 Principles of coherent detection
-  homodyne d e t e c t i o n
-  h e te ro d y n e  d e t e c t i o n ,
A diagram  showing th e  p r i n c i p l e  of c o h e re n t  d e t e c t i o n  
a r ra n g e m e n ts  i s  shown i n  F ig u re  1 .1 3 .  W ith homodyne d e t e c t i o n  
t h e  l o c a l  o s c i l l a t o r  g e n e r a te s  an o p t i c a l  s i g n a l  which has  t h e  
same nom ina l f re q u e n c y  as t h e  r e c e iv e d  o p t i c a l  s i g n a l .  A f t e r  
m ix ing  and d e t e c t i o n  t h e  d i f f e r e n c e  s i g n a l  r e p r e s e n t s  t h e  
r e q u i r e d  baseband  s i g n a l .  With h e te ro d y n e  d e t e c t i o n  t h e  l o c a l  
o s c i l l a t o r  f re q u e n c y  i s  somewhat d i f f e r e n t  t o  t h a t  of th e  
r e c e iv e d  o p t i c a l  s i g n a l  r e s u l t i n g  i n  an i n t e r m e d i a t e  f re q u e n c y  
( I F )  s i g n a l  b e in g  d e t e c t e d .  T h is  IF s i g n a l  i s  th e n  dem odula ted  
t o  baseband  u s in g  s t a n d a r d  r a d i o  c i r c u i t  t e c h n iq u e s .
Each d e t e c t i o n  t e c h n iq u e  has  i t s  m e r i t s  and d e - m e r i t s .  The 
d i r e c t  d e t e c t i o n  a rran g em en t has  t o  combat t h e  e f f e c t s  of 
background  r a d i a t i o n  and th e  i n t e r n a l  r e c e i v e r  th e rm a l  n o i s e  
w h i le  a t t e m p t in g  t o  r e c o v e r  t h e  i n t e n s i t y  m o d u la t io n  of t h e  
t r a n s m i t t e d  s i g n a l .  I t  has  t h e  ad v an tag e  of b e in g  s im p le  t o  
im plem ent and t h e r e f o r e  r e l a t i v e l y  c o s t  e f f e c t i v e  and does n o t  
i n v o lv e  a l l  t h e  problem s which come w i th  t h e  u s e  of l o c a l  
o s c i l l a t o r s .  On t h e  o t h e r  hand th e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  
r e c e i v e r  i s  somewhat b e t t e r  f o r  c o h e re n t  sys tem s th a n  f o r  
n o n - c o h e r e n t  system s and one can  e i t h e r  t a k e  ad v a n ta g e  of t h i s  
by a c c e p t in g  an improved e r r o r  r a t e  p e rfo rm a n c e  o r  a l t e r n a t i v e l y  
t h e  same s i g n a l  t o  n o i s e  r a t i o  can be m a in ta in e d ,  b u t  t h e  sys tem  
r e a c h  i n c r e a s e d  p r o p o r t i o n a t e l y .  Models f o r  s i g n a l  t o  n o i s e  
r a t i o  f o r  t h e  v a r io u s  d e t e c t i o n  t e c h n iq u e s  u s in g  v a r i o u s  
m o d u la t io n  fo rm a ts  a r e  g iv e n  i n  t h e  l i t e r a t u r e  [ 1 . 2 5 ] .
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F or t h e  p u rp o se s  of t h i s  work th e  em phasis  w i l l  be on d i r e c t  
d e t e c t i o n  system s s in c e  i t  i s  t h i s  t e c h n iq u e  which i s  c u r r e n t l y  
g e n e r a l l y  employed on t e r r e s t r i a l  o p t i c a l  l i n e  of s i g h t  
com m unications  l i n k s  s in c e  th ey  a r e  much e a s i e r  to  implem ent and 
a r e  t h e r e f o r e  more c o s t  e f f e c t i v e  th a n  c o h e re n t  s y s te m s .
1 . 4 . 5 . 4  D e te c to r s
The p u rp o se  of t h e  d e t e c t o r  i s  t o  c o n v e r t ,  i n  as  e f f i c i e n t  a 
m anner as  p o s s i b l e ,  th e  o p t i c a l  ene rgy  im p ing ing  upon i t s  
s u r f a c e  t o  e l e c t r i c a l  ene rgy  so t h a t  t h e  s i g n a l  can  be 
a m p l i f i e d ,  e q u a l i s e d  and i f  n e c e s s a ry  r e g e n e r a t e d  -  a l l  i n  t h e  
e l e c t r i c a l  domain.
T h e re  a r e  t h r e e  main ty p e s  of d e v ic e  which may be employed v i z : -
-  P h o t o m u l t i p l i e r s
-  P h o to c o n d u c to rs
-  P h o t o d e t e c to r s .
P h o t o m u l t i p l i e r s  a r e  no t  g e n e r a l l y  f a v o u re d  f o r  u s e  i n  
t e r r e s t r i a l  com m unications l i n e  of s i g h t  l i n k s  b e c au se  th e y  a r e  
g e n e r a l l y  f a i r l y  l a r g e  i n  s i z e ,  a r e  e x p e n s iv e  and l e s s  r e l i a b l e  
t h a n  se m ic o n d u c to r  p h o to d io d e s .  P h o to c o n d u c to r s  a r e  n o t  
n o rm a l ly  s e n s i t i v e  enough f o r  most sys tem s a p p l i c a t i o n s .  
S em iconduc to r  p h o to d io d e s  on t h e  o t h e r  hand a r e  v e ry  s u i t a b l e  
f o r  u s e  i n  t h e  n e a r  i n f r a - r e d  r e g io n  and have t h e  a d v a n ta g e s  of 
b e i n g : -
-  h i g h ly  s e n s i t i v e
-  s m a l l  i n  s i z e
-  c o m p a ra t iv e ly  cheap
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Figure 1.15 Quantum efficiencies for photodiodes
A valanche  p h o to d io d e s  (APD’ s )  have been employed f o r  many y e a r s ,  
s i n c e  th ey  a r e  h ig h ly  s e n s i t i v e  eg a minimum r e c e iv e d  power 
l e v e l  of -6 6  dBm has  been  a c h ie v e d  a t  2 M b it / s  w i th  an e r r o r  
r a t e  of 10 ^ [ 1 . 2 6 ] .  They do however s u f f e r  from th e  need to  
have h ig h  b i a s  v o l t a g e s  a p p l i e d  t o  them, of t h e  o r d e r  of 
300-400V and m oreover t h e  b i a s  su p p ly  v o l t a g e  has  t o  be v a r i e d  
t o  com pensate  f o r  t h e  a n t i c i p a t e d  t e m p e ra tu re  e x c u r s io n s  to  
w hich  th e  d e v ic e  i s  l i k e l y  t o  be s u b j e c t e d .  PIN d io d e s  have 
p ro v ed  t o  be v e ry  p o p u la r ,  s i n c e  th ey  a r e  much c h e a p e r  th a n  
APD’ s ,  and do n o t  r e q u i r e  t h e  h ig h  b i a s  v o l t a g e s ,  f o r  i n s t a n c e  
15-20V i s  u s u a l l y  a d e q u a te .  However, when u se d  as  d i s c r e t e  
d e v ic e s  t h e i r  s e n s i t i v i t y  i s  some 10 dB w orse  t h a n  t h a t  of APD’ s 
[ 1 . 2 7 ] .  I n  t h e  l a s t  few y e a r s  c o n s id e r a b l e  r e s e a r c h  has  been  
c a r r i e d  o u t  i n t o  t h e  u s e  of PIN p h o to d io d e s  and i n  p a r t i c u l a r  
i n t o  i n c r e a s i n g  t h e i r  s e n s i t i v i t y  so as t o  make them com parab le  
o r  even s u p e r i o r  t o  a v a la n c h e  p h o to d io d e s .  T h is  work has  
r e s u l t e d  i n  t h e  developm ent and com m ercial a v a i l a b i l i t y  of what 
i s  now commonly known as  t h e  PIN-FET d e t e c t o r  [1 .27 ]  . Such 
d e t e c t o r s  work on th e  p r i n c i p l e  of m in im is in g  t h e  c a p a c i t a n c e s  
be tw een  t h e  PIN d io d e  and t h e  FET and by o p t im is in g  t h e  
i n d i v i d u a l  d e v ic e s  f o r  i n t e r c o n n e c t i o n  p u r p o s e s .  Fo r  t h e s e  
r e a s o n s  t h e  PIN-FET co m b in a tio n  i s  assem bled  i n t o  a d u a l  i n  l i n e  
package f o r  d i r e c t  m ounting  o n to  a p r i n t e d  c i r c u i t  b o a rd .
F ig u re  1 .14  compares th e  s e n s i t i v i t i e s  of th e  d i f f e r e n t  
d e t e c t o r s  a t  two d i f f e r e n t  w a v e len g th s  i n  t h e  n e a r  i n f r a - r e d  
r e g i o n  a s  a f u n c t i o n  of b i t  r a t e .
D i f f e r e n t  m a t e r i a l s  a r e  optimum f o r  d i f f e r e n t  w a v e le n g th s  as  t h e  
quantum e f f i c i e n c y  g rap h  i n  F ig u re  1 .15  shows.
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Much of t h e  r e c e n t  d e v ic e  developm ent work i s  a  d i r e c t  r e s u l t  of 
t h e  need f o r  p r a c t i c a l ,  s e n s i t i v e  d e t e c t o r s  f o r  u se  w i th  o p t i c a l  
f i b r e  s y s te m s ,  b u t  much of t h e  work can , and in d e e d  has  a l r e a d y  
b een  r e a d i l y  a p p l i e d  t o  o p t i c a l  l i n e  of s i g h t  com m unications 
s y s te m s .
The f o r e g o in g  has  p re - s u p p o s e d  th e  u se  of j u s t  a  s i n g l e  
d e t e c t o r .  T here  a r e  however a d v a n ta g e s  i n  em ploying  a d e t e c t o r  
a r r a y  i n  c e r t a i n  c i r c u m s ta n c e s .  Fo r  i n s t a n c e  each  i n d i v i d u a l  
d e t e c t o r  of t h e  d e t e c t o r  a r r a y  w i l l  d e t e c t  a  d i f f e r e n t  a n g le  of 
t h e  r e c e i v e r  f i e l d  of  v iew . Thus i t  can  be s a i d  t h a t  t h e  
o p t i c a l  s i g n a l  a r r i v i n g  a t  t h e  r e c e i v i n g  l e n s  a p e r t u r e  i s  
s p a t i a l l y  sam pled , each  of th e  d e t e c t o r s  p ro d u c in g  s i g n a l  o u tp u t  
o r  n o t ,  depend ing  on t h e  s p a t i a l  p o s i t i o n  and a n g le  of e n t r y  of 
t h e  beam. P a r a l l e l  p r o c e s s in g  of t h e  e l e c t r i c a l  d e t e c t o r  
o u t p u t s  i s  th e n  employed t o  r e c o v e r  t h e  wanted s i g n a l .  The u se  
o f  p h o t o d e t e c t o r  a r r a y s  i s  a  form of d i v e r s i t y  r e c e p t i o n  and can  
be employed t o  adv a n ta g e  i n  s i t u a t i o n s  where a tm o s p h e r ic  
t u r b u l e n c e  c a u se s  s t r o n g  and v a r i a b l e  s c a t t e r i n g  e f f e c t s .
1 .5  CONCLUSIONS
T h is  c h a p te r  has  g iv e n  an i n t r o d u c t i o n  t o  t h e  b a s i c  p r i n c i p l e s  of o p t i c a l  
l i n e  of s i g h t  com m unication . S ubsequen t c h a p te r s  w i l l  c o n s id e r  t h e  
s i g n i f i c a n c e  of a tm o s p h e r ic  t u r b u l e n c e  on t h e  pe rfo rm an ce  of such  s y s te m s .
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CHAPTER 2
A QUALITATIVE MODEL OF THE.TURBULENT ATMOSPHERE
2 .1  INTRODUCTION
I n  c o n s id e r in g  th e  e f f e c t  of tu rb u le n c e  i n  th e  a tm o sp h ere  on o p t i c a l  beams 
i t  i s  c o n v e n ie n t to  e s t a b l i s h  a s u i t a b l e  m odel f o r  th e  v a r io u s  mechanism s 
in v o lv e d . T h is  c h a p te r  d e s c r ib e s  a  q u a l i t a t i v e  m odel w h ich  i s  u sed  as a 
b a s i s  f o r  th e  more d e t a i l e d  q u a n t i t a t i v e  a n a ly s e s  g iv e n  i n  su b se q u e n t 
c h a p te r s .
2 .2  THE QUALITATIVE MODEL
A v e ry  b a s ic  m odel i s  t h a t  o f s u c c e s s iv e  p la n a r  segm en ts a s  shown in  
F ig u re  2 .1 .  I f  one assum es t h a t  each  segm ent h as  a  d i f f e r e n t  v a lu e  of 
r e f r a c t i v e  in d e x  th e n  i t  fo llo w s  t h a t  a  p la n e  wave in c id e n t  a t  th e  f i r s t  
segm ent w i l l  be r e f r a c t e d  a c c o rd in g  to  S n e l l ’ s Law. The beam w i l l  be 
f u r t h e r  r e f r a c t e d  a s  i t  p a s se s  th ro u g h  each  boundary betw een  s u c c e s s iv e  
segm en ts  r e s u l t i n g  in  beam s h i f t .  I f  th e  v a lu e s  o f th e  r e f r a c t i v e  in d ex  
o f  each  of th e  segm ents n^ -  n^ a l l  in c r e a s e d  by sm a ll am ounts i n  a 
l i n e a r  m anner, th e n  th e  o p t i c a l  ray  would be c o n t in u a l ly  r e f r a c t e d  i n  th e  
same d i r e c t i o n .  In  p r a c t i c e  th e  v a lu e s  of n do n o t in c r e a s e  o r  d e c re a s e  
i n  a  r e g u la r  l i n e a r  m anner and hence  th e  o p t i c a l  ra y  w i l l  be r e f r a c t e d  in  
a r a t h e r  random m anner as  shown in  th e  low er p a r t  of F ig u re  2 .1 .  A 
f u r t h e r  c o m p lic a t io n  i s  t h a t  tu rb u le n c e  i s  n o t s t a t i o n a r y ,  in d e e d  th e  a i r  
te m p e ra tu re ,  h e ig h t  above ground and wind v e l o c i t y ,  a l l  r e s u l t  i n  th e  
v a lu e  of th e  r e f r a c t i v e  in d ex  i n  each  segm ent v a ry in g  s i g n i f i c a n t l y  w ith  
t im e . The v a r i a t i o n s  a r e  g e n e r a l ly  re g a rd e d  as  b e in g  s t o c h a s t i c  i n  
n a tu r e  and i t  fo llo w s  t h a t  th e  o p t i c a l  beam a t  th e  r e c e iv e r  w i l l  w ander, 
th e  m agn itude  of th e  w ander b e in g  a f u n c t io n  of th e  amount o f tu r b u le n c e .
So f a r  th e  model h as  m erely  assumed se g m e n ta tio n  a lo n g  th e  p ro p a g a t io n  
p a th  of th e  o p t i c a l  beam, w ith  th e  segm ents e x te n d in g  some d i s t a n c e  e i t h e r
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Figure 2.3 Basic turbulent eddy model
s id e  of th e  beam such  t h a t  th e  segm ent b o u n d a rie s  a r e  a l l  p a r a l l e l  to  each  
o th e r  and n o rm a l .to  th e  a x is  of th e  p ro p a g a tin g  beam. I t  fo llo w s  from  
w hat has  been  s a id  above ab o u t th e  s t o c h a s t i c  n a tu r e  of tu rb u le n c e  t h a t  in  
p r a c t i c e  th e  segm ents a r e  m ost u n l ik e ly  to  co m p rise  of such  p a r a l l e l  
b o u n d a r ie s .
An im proved m odel i s  one i n  w hich th e  p la n a r  segm ents a r e  i n  f a c t  r e p la c e d  
by ’b lo b s ' o r  'e d d i e s '  h a v in g  a d i f f e r e n t  r e f r a c t i v e  in d e x  to  th e
s u rro u n d in g  a tm o sp h ere  a s  shown in  F ig u re  2 .2 .  O b v io u sly  th e  t u r b u le n t
a tm o sp h e re  would c o n s i s t  of num erous e d d ie s  each  a f f e c t i n g  th e  p ro p a g a tio n  
o f  th e  o p t i c a l  beam as th e  beam p a s s e s  th ro u g h  th e  a tm o sp h e re . The s iz e s
o f  th e  e d d ie s  a r e  c h a r a c te r i s e d  i n  term s of 's c a l e  s i z e s ' : t h e  in n e r  s c a le
s i g n i f i e d  by 1^ r e p r e s e n t s  th e  d ia m e te r  o f th e  s m a l le s t  eddy and th e  
o u t e r  s c a le  s i g n i f i e d  by w hich r e p r e s e n t s  th e  maximum d ia m e te r  of th e  
l a r g e s t  eddy . I t  w i l l  be e s t a b l i s h e d  below t h a t  th e  s i z e  o f th e  eddy w i l l  
d e te rm in e  th e  e f f e c t  on th e  o p t i c a l  beam i e  beam w ander o r  beam s p re a d .
Now c o n s id e r  an eddy i n  th e  p a th  of an o p t i c a l  beam la u n c h e d  a t  p o in t  S 
and re c e iv e d  a t  p o in t  R as  shown i n  F ig u re  2 .3 .  The l i g h t  s o u rc e  a t  S 
e m its  a  s p h e r i c a l  wave o f w a v e len g th  X.
The r e c e iv e r  a t  R d e te c t s  a p r o p o r t io n  of th e  e m itte d  r a d i a t i o n  . I f  one 
now assum es t h a t  a t u r b u le n t  eddy h av in g  a d ia m e te r  o f 2 r  e x i s t s  a t  p o in t  
Z , th e n  a d i f f r a c t i o n  p a t t e r n  w i l l  be o b se rv ed  a t  R whose s i z e  and 
c o n t r a s t  a re  d e te rm in e d  by Z, r  and X and by th e  r e f r a c t i v e  in d e x  
f l u c t u a t i o n s ,  An, of th e  eddy .
F or an eddy a t  p o s i t i o n  Z, th e  eddy w hich i s  m ost e f f e c t i v e  i n  p ro d u c in g  
s c i n t i l l a t i o n  i s  t h a t  w hich r e s u l t s  i n  th e  two ra y s  SR and SAR 
d e s t r u c t i v e l y  i n t e r f e r i n g .  T h is  o c c u rs  when th e  p a th  le n g th s  a r e  such  
t h a t : -





Z =  0 Z Z =  L
Figure 2.4 Propagation geometry with distorted wavefront
Beam W ander
a) Beam diam . <  eddy size
b) Beam diam . >  eddy size Beam spread
Figure 2.5 Beam wander and spread in reiation to turbuient 
eddy size
The above s im p le  m odel j u s t  c o n s id e r s  an eddy a t  p o in t  Z. S im ple 
s u p e r p o s i t io n  of th e  e f f e c t s  of supposed  in d e p e n d e n t e d d ie s  lo c a te d  a l l  
a lo n g  th e  p a th  g iv e s  a  b a s ic  th e o ry  f o r  th e  e f f e c t  of s c i n t i l l a t i o n  a t  R.
The n e x t s te p  i s  to  suppose  t h a t  th e  eddy a t  Z i s  i l lu m in a te d  by a 
w a v e fro n t w hich i s  no lo n g e r  s p h e r i c a l  b u t i s  d i s t o r t e d  by p re c e d in g  
e d d ie s .  In  a d d i t io n  su c c e e d in g  e d d ie s  ly in g  betw een  Z and R w i l l  a f f e c t  
t h e  wave and w i l l  m odify  th e  s c i n t i l l a t i o n s  w hich would o th e rw is e  have 
b een  p roduced  due to  th e  eddy a t  Z.
I n  o r d e r  to  u n d e rs ta n d  th e  e f f e c t  o f t u r b u le n t  e d d ie s  be tw een  S and Z on 
th e  d i f f r a c t i o n  p a t t e r n  of th e  eddy a t  Z i t  i s  c o n v e n ie n t to  c o n s id e r  th e  
eddy a t  Z as  a  le n s  f o c u s s in g  th e  l i g h t  on a s c r e e n  a t  l o c a t io n  R. As th e  
w a v e fro n t p a s s e s  th ro u g h  th e  tu rb u le n c e  b e fo re  re a c h in g  th e  le n s  i t s  
w a v e fro n t i s  d i s t o r t e d  i n  a  random m anner as shown i n  F ig u re  2 .4 .  Those 
d i s t o r t i o n s  w hich a re  s m a l le r  th a n  th e  le n s  ( i e  th e  e d d y ), w i l l  c a u se  th e  
r e s o lv in g  power of th e  le n s  to  d im in is h  and w i l l  th u s  in c r e a s e  th e  s i z e  of 
th e  s p o t o b se rv ed  a t  R ( i e  beam s p r e a d ) .  Those d i s t o r t i o n s  l a r g e r  th a n  
th e  s i z e  of th e  le n s  w i l l  c a u se  wave t i l t s  and w i l l  move th e  s p o t on th e  
s c r e e n  w ith o u t ch ang ing  i t s  s i z e  ( i e  beam w a n d e r). E x a c tly  th e  same 
e f f e c t s  w i l l  be cau sed  by tu r b u le n t  e d d ie s  ly in g  betw een  th e  le n s  and th e  
s c r e e n  a t  R. T hese e f f e c t s  a re  r e p r e s e n te d  d ia g r a m a t ic a l ly  i n  F ig u re  2 .5 .  
I t  fo llo w s  from  th e  fo re g o in g  t h a t  i t  i s  th e  s i z e  of th e  eddy r a t h e r  th a n  
th e  l o c a t io n  of th e  eddy w hich i s  im p o r ta n t  and w hich d e te rm in e s  w h e th e r  
beam w ander a n d /o r  beam sp re a d  o cc u r i n  any p a r t i c u l a r  i n s t a n c e .
I t  i s  a ls o  im p o r ta n t  to  c o n s id e r  th e  r e l a t i v e  l i f e t i m e s  of th e  e d d ie s  of 
v a r io u s  s i z e s .  Large e d d ie s  p e r s i s t  f o r  lo n g e r  th a n  s m a ll e d d ie s ,  b o th  
b e c a u se  of t h e i r  i n t r i n s i c  l i f e t i m e s  and b e c a u se , f o r  a  g iv e n  c ro ssw in d  
v e l o c i t y ,  th ey  ta k e  lo n g e r  to  p a s s  th ro u g h  th e  o p t i c a l  beam. The s m a ll 
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aperture d iam eter  
=  0.1m
Turbulence induced effect Magnitude for , 
Cn^=10-^^m-^/^and 




Beam spread (due to turbulent eddies being 
small compared with beam diameter)
70 mm (140 ^rad or 0.008°) <2dB
Beam wander (due to turbuient eddies being 
large compared with beam diameter)
30 mm (std dev.) <1dB
Scintillation 55dB change in SNR 
for P (e)= 10-9
c. 55dB
Note: Beam spread in absence of turbulence =  5.64 m due to fin ite  source area
(assum ing source area =  1 mm^ Lens focal length =  0.1m, path length =  500m)
Figure 2.6 Summary of turbulence induced effects
l i f e t i m e  of th e  eddy , so t h a t  th e y  c a u se  a sm earing  o f th e  d i f f r a c t i o n  
p a t t e r n  of th e  F r e s n e l  zone s i z e  eddy . In  c o n t r a s t  th e  la r g e  s c a le  
d i s t o r t i o n s  do n o t change a p p re c ia b ly  d u r in g  th e  l i f e t i m e  of th e  eddy .
Thus a lth o u g h  th e  f l u c t u a t i o n s  may d i s p la c e  th e  d i f f r a c t i o n  p a t t e r n ,  th ey  
have no e f f e c t  on th e  s t a t i s t i c s  of th e  s c i n t i l l a t i o n s  p roduced  by th e  
ed d y . Even th e  s m a l le s t  d e t a i l s  in  th e  s c i n t i l l a t i o n  p a t t e r n  a r r i v e  a t  R 
u n a f f e c te d ,  i e  unsm eared , by th e  la r g e  s c a le  d i s t o r t i o n s .
I t  fo llo w s  t h a t ,  a t  a  g iv e n  p o in t ,  th e  o p t i c a l  power w i l l  be th e  sum m ation 
o f  th e  e n e rg ie s  of th e  d i f f e r e n t  waves re a c h in g  t h a t  p o in t ,  w ith  
c o n s e q u e n t ia l  c o n s t r u c t iv e  and d e s t r u c t i v e  i n t e r f e r e n c e .  S in c e  th e  
t u r b u l e n t  e d d ie s  a r e  f o r e v e r  c h a n g in g , th e  o p t i c a l  power a t  th e  g iv e n  
p o in t  w i l l  a ls o  v a ry .  I t  i s  th e s e  v a r i a t i o n s  w hich a r e  known as 
s c i n t i l l a t i o n s .
I t  w i l l  be shown i n  more d e t a i l  i n  th e  su b seq u e n t c h a p te r s  t h a t  th e  
o p t i c a l  power v a r i a t i o n s  a t  th e  r e c e iv e r  i n  a  t y p i c a l  o p t i c a l  l i n e  o f 
s i g h t  com m unication system  a re  due p re d o m in a n tly  to  tu rb u le n c e  in d u ced  
s c i n t i l l a t i o n  e f f e c t s  r a t h e r  th a n  tu rb u le n c e  in d u ced  beam s p re a d in g  and 
beam w ander, b u t f o r  in fo rm a t io n  p u rp o se s  th e  t y p i c a l  o rd e r s  of m agn itude  
f o r  each  have been  c a lc u la te d  and a r e  shown i n  F ig u re  2 .6 .
2 .3  CONCLUSIONS
The q u a l i t a t i v e  m odel d e s c r ib e d  above a tte m p ts  to  e x p la in  th e  e f f e c t  of 
tu rb u le n c e  on th e  p ro p a g a t io n  o f o p t i c a l  beams p a s s in g  th ro u g h  th e  
a tm o sp h e re .
I t  i s  conc luded  t h a t  th e  m agn itude  of th e  tu rb u le n c e  and h en ce  th e  s i z e  of 
th e  r e s u l t a n t  t u r b u le n t  e d d ie s  d e te rm in e s  th e  p r e c i s e  e f f e c t  a t  th e  
r e c e i v e r .  T hat i s  s m a ll f l u c t u a t io n s  w i l l  g iv e  r i s e  to  a sm e a rin g  o f th e  
beam ( i e  beam b ro ad e n in g ) and l a r g e r  f l u c t u a t io n s  g iv e  r i s e  t o  a p h y s ic a l  
s h i f t  of th e  d i f f r a c t i o n  p a t t e r n  ( i e  beam w a n d e r). In  a d d i t io n
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i n t e r f e r e n c e  e f f e c t s  w i l l  g iv e  r i s e  to  s c i n t i l l a t i o n .  A l l  o f th e s e  
e f f e c t s  w i l l  g iv e  r i s e  to  a  v a r i a t i o n  i n  th e  r e c e iv e d  power l e v e l  b u t 
s c i n t i l l a t i o n  i s  in v a r i a b ly  th e  m ajo r ca u se  of such  v a r i a t i o n s .  The 
s ig n i f i c a n c e  of beam sp re a d  and w ander f o r  t y p i c a l  system s i s  d is c u s s e d  in  
C h a p te r  3 and of s c i n t i l l a t i o n  i n  C h a p te rs  4 and 6 -8 .
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Figure 3.1 B Beam wander
CHAPTER 3
BEAM SPREAD AND BEAM WANDER OF OPTICAL BEAMS PROPAGATING THROUGH THE 
TURBULENT ATMOSPHERE
3 .1  INTRODUCTION
O p t ic a l  beams p ro p a g a tin g  th ro u g h  th e  a tm o sp h ere  a r e  commonly s u b je c te d  to  
a tm o s p h e r ic  tu rb u le n c e  e f f e c t s  w hich g iv e  r i s e  t o : -
-  Beam sp re a d
-  Beam w ander.
Beam sp re a d  i n  t h i s  in s t a n c e  i s  th e  e f f e c t  whereby th e  d ia m e te r  o f th e  
beam, h a v in g  t r a v e r s e d  an a tm o sp h e r ic  p a th  of l e n g th ,  L, in c r e a s e s  due to  
tu rb u le n c e  by an amount o v e r  and above t h a t  w hich can  be a t t r i b u t e d  to  
n o rm al a tm o sp h e ric  s c a t t e r i n g  a n d /o r  n o n - fo c u s s in g  and t r a n s m i t  a p e r tu r e  
e f f e c t s .  The beam w id th  i s  u s u a l ly  m easured  a t  th e  1 /e  a m p litu d e  
( e q u iv a le n t  to  th e  I / e ^  power) p o in ts  i n  th e  beam p r o f i l e .
S im i la r ly ,  beam w ander i s  th e  e f f e c t  w hereby th e  maximum p o in t  on th e  
r e c e iv e d  beam power p r o f i l e  moves from  i t s  o r i g i n a l  p o s i t i o n  a s  a  r e s u l t  of 
a tm o s p h e r ic  tu rb u le n c e .  F ig u re  3 .1  i l l u s t r a t e s  th e  two e f f e c t s  
d i a g r a m a t ic a l l y .
I t  i s  v e ry  im p o r ta n t  t h a t  th e  m echanism s w hich g iv e  r i s e  to  beam sp re a d  and 
beam w ander a r e  a d e q u a te ly  u n d e rs to o d  s in c e  th ey  a re  c lo s e ly  l in k e d  to  th e  
e f f e c t  of s c i n t i l l a t i o n  and o f te n  c o n fu sed  w ith  i t .  T h is  c h a p te r  t h e r e f o r e  
a d d re s s e s  beam sp re a d  and w ander i n  o rd e r  to  f a c i l i t a t e  u n d e rs ta n d in g  o f 
th e  su b se q u e n t more d e t a i l e d  a n a ly s e s  of th e  e f f e c t s  o f tu rb u le n c e  i n  th e  
a tm o sp h e re .
The b a s ic  p r in c i p l e s  of beam sp re a d  and beam w ander a re  d e s c r ib e d  in  
S e c t io n  3 .2  o f t h i s  c h a p te r .  The p r a c t i c a l  im p l ic a t io n s  a r e  d is c u s s e d  in  




Figure 3.2 Short exposure time broadening and defiection of a 
laser spot on a receiver in a turbuient medium.
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Figure 3.3 Time history of the wander of a laser beam 
on a receiver in a turbuient medium
3 .2  Beam S p read  and Wander
I n  th e  a b sen ce  of tu rb u le n c e ,  a  l a s e r  beam e x i t i n g  from  an a p e r tu r e  of 
d ia m e te r  dp w ould , i n  th e  f a r  f i e l d ,  have an a n g u la r  sp re a d  9^ o f o rd e r  
Vdq,, w here X i s  th e  s ig n a l  w av e len g th  (from  e q u a tio n  1 .1 9 ) .  When 
tu rb u le n c e  i s  p r e s e n t  th e  s i t u a t i o n  becomes much more com plex b e c au se  
t h e  beam i s  s c a t t e r e d  by th e  moving t u r b u le n t  e d d ie s .  T h is  g iv e s  r i s e  to  
a n  a n g u la r  beam s p re a d  w hich may be much g r e a t e r  th a n  6^; i n  a d d i t io n  
o th e r  e f f e c t s  such  as beam w ander o r even  b re a k -u p  of th e  beam i n t o  an  
ensem ble  of in d iv id u a l  beams may o c c u r .
When d is c u s s in g  th e  r a d iu s  of a  beam p ro p a g a tin g  i n  a  t u r b u le n t  medium i t  
i s  n e c e s s a ry  to  d i s t i n g u i s h  betw een  i t s  s h o r t  and lo n g  term  s p re a d . In  
g e n e r a l ,  when a l a s e r  beam i n t e r a c t s  w ith  th e  t u r b u le n t  e d d ie s  i t  i s  found  
t h a t  th o s e  e d d ie s  w hich a re  la r g e  com pared w ith  th e  d ia m e te r  o f th e  beam 
te n d  to  d e f l e c t  th e  beam, w hereas th o s e  e d d ie s  w hich a re  sm a ll  com pared 
w i th  th e  beam d ia m e te r  te n d  to  b ro ad en  th e  beam, b u t do n o t d e f l e c t  i t  
s i g n i f i c a n t l y .  C o n se q u e n tly , i f  a p h o to g ra p h ic  p l a t e  was p la c e d  a t  a  
d i s t a n c e  x i n t o  th e  random medium and a v e ry  s h o r t  ex p o su re  p i c t u r e  was 
ta k e n  a b roadened  l a s e r  s p o t (due to  th e  s m a ll e d d ie s )  o f r a d iu s  w hich 
i s  d e f l e c te d  (due  to  th e  l a r g e  e d d ie s )  by a d i s t a n c e  p^, would be 
o b se rv e d , as  i n d ic a te d  in  F ig u re  3 .2 .  Now, b e cau se  th e  t u r b u l e n t  e d d ie s  
a r e  f lo w in g  a c ro s s  th e  beam, th e  beam w i l l  be c o n t in u a l ly  d e f l e c t e d  in  
d i f f e r e n t  d i r e c t i o n s  i n  tim e  i n t e r v a l s  o f o rd e r  At = d / | v | ,  w here V i s  th e  
t r a n s v e r s e  flow  v e lo c i ty  of th e  t u r b u le n t  e d d ie s .  The tim e h i s t o r y  of th e  
beam w ander i s  shown i n  F ig u re  3 .3 .  B ecause th e  s p o t dan ces  from  p o s i t i o n  
t o  p o s i t i o n  in  tim es  of o rd e r  At, i t  i s  c l e a r  from  F ig u re  3 .3  t h a t  a 
p i c t u r e  of th e  r e c e iv e d  s p o t ta k e n  w ith  an e x p o su re  tim e  much lo n g e r  th a n  
At, would show a b roadened  s p o t w ith  a  mean sq u a re  r a d iu s  ( g iv e n  
b y : -
( 3 . 1 )
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Figure 3.4 Beam wander vs. path length
w here i s  th e  s h o r t - te r m  beam sp re a d  and i s  th e  lo n g -te rm  
beam s p re a d .
When th e  tu rb u le n c e  i s  s t r o n g  th e  beam no lo n g e r  w anders 
s i g n i f i c a n t l y ,  b u t r a t h e r  b re a k s  up i n to  m u l t ip le  beam s. In  t h i s  c a se  
a s h o r t  e x p o su re  p i c t u r e  of th e  r e c e iv e d  s p o t would c o n s i s t  n o t o f a 
s i n g l e  s p o t ,  b u t of a  m u l t i p l i c i t y  o f s p o ts  a t  random lo c a t io n s  on th e  
r e c e iv in g  a p e r tu r e .  The lo n g  e x p o su re  p i c t u r e ,  how ever, w ould be a
b lu r r e d  v e r s io n  of th e  s h o r t  e x p o su re , b u t w ith  a p p ro x im a te ly  th e  same
t o t a l  d ia m e te r .
3 .3  SUMMARY OF PRACTICAL IMPLICATIONS
3 .3 .1  Beam Wander
V a rio u s  w orkers  [3 .1 ]  have p roduced  th e o r i e s  f o r  th e  m agn itude  of beaai 
w ander a s  a  f u n c t io n  of th e  a tm o sp h e r ic  tu rb u le n c e ,  r e p r e s e n te d  
by th e  a tm o sp h e ric  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r  C^ . T h is  
p a ra m e te r  i s  fu n d am en ta l i n  s tu d i e s  in v o lv in g  a tm o sp h e r ic  tu rb u le n c e  
s in c e  i t  i s  th e  prim e p a ra m e te r  f o r  d e te rm in in g  i t s  m a g n itu d e . I t  i s  
c o n s id e re d  i n  some d e t a i l  i n  C h a p te r  5 b u t  t y p i c a l  v a lu e s  l i e  w i th in  
t h e  ran g e  10 ^^m to  10 ^^m r e p r e s e n t in g  h ig h  and low
l e v e l s  of tu rb u le n c e  r e s p e c t i v e ly .
Owing to  th e  n o n - s ta t io n a r y  and s t o c h a s t i c  n a tu r e  of th e  a tm o sp h e re
t h e  g e n e r a l ly  a c c e p te d  m odels a re  b ased  on th e  t h e o r e t i c a l  m odels as
m o d if ie d  by e m p ir ic a l  r e s u l t s .  The g e n e r a l ly  a c c e p te d  e x p re s s io n  f o r
beam w ander [3 .1 ]  i s  g iv e n  in  term s o f th e  e m p i r ic a l ly  d e r iv e d  beam
2w ander v a r ia n c e ,  w h ere : -
= 1 .83  C^^ L17/16 ( 3 .2 )
F ig u re  3 .4  shows th e  s ta n d a rd  d e v ia t io n  f o r  beam w ander a^, v e r s u s
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Figure 3.5 Beamwldth vs. path length for varying levels
of turbulence
of X = 900 nm. I t  can  be se e n  t h a t  th e  beam c e n t r o id  w i l l  move by up
to  60 mm w ith  a p r o b a b i l i t y  of 95% f o r  p a th  le n g th s  o f L = 300m i f  th e
v a lu e  o f in c r e a s e s  to  = lOT^^mT^/^'. However, th e  
l a t t e r  r e p r e s e n t s  in te n s e  tu rb u le n c e  and more t y p i c a l  v a lu e s  of 
w hich would be e x p e r ie n c e d  f o r  a  p a th  le n g th  o f L = 500 m would be i n
th e  ran g e  up to  ab o u t 10 mm ( X = 900 nm; = 10 to
1 0 -1 6  „-2 /3)_
3 .3 .2  Beam S p read
Beam s p re a d  h a s  been  i n v e s t ig a t e d  i n  some d e t a i l  by Dowling and 
L iv in g s to n e  [ 3 .2 ] ,  am ongst o th e r s ,  who have e s t a b l i s h e d  v a r io u s  
p r e d i c t i o n s  f o r  beam s p re a d . M u lt ip le  r e g r e s s io n  a n a ly s i s  of t h e i r  
p r a c t i c a l  m easured  d a ta  h a s  y ie ld e d  th e  fo llo w in g  e m p i r ic a l ly  d e r iv e d  
e x p re s s io n  f o r  beam w id th  ( s p re a d )  6, as  d e te rm in e d  a t  th e  ^ /e ^  
power p o in ts :
9 = (1 .44x lO "9cnO 'G 5L O 'G 2(2 i/ X ) ° . 7x10“ ^) ^ (3 .3 )
2
w here = a tm o sp h e r ic  r e f r a c t i v e  in d e x  s t r u c t u r e  p a ra m e te r
L = p a th  le n g th
k = wavenumber of p ro p a g a tin g  e n e rg y  = 2ir/ X
The c o n s ta n t  o f 1 .4 4  h a s  been  p ro p o sed  [3 .2 ]  b ased  on p r a c t i c a l  
r e s u l t s  and m u l t ip le  r e g r e s s io n  a n a ly s i s .  A c o r r e l a t i o n  c o - e f f i c i e n t  
o f  0 .8 5  s u g g e s ts  t h a t  th e  e x p re s s io n  i s  a r e a s o n a b ly  good f i t  t o  th e  
e m p i r ic a l  d a ta .
F ig u re  3 .5  shows th e  beam sp re a d  v e rs u s  p a th  le n g th  f o r  d i f f e r e n t  
v a lu e s  o f d e r iv e d  from  e q u a tio n  ( 3 .3 )  [ 3 .2 ] .
[ 3 . 2 ]
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250 - L = 1750 m 
X — 633nm  
— — X — 10.6 /itn










Figure 3.6 Variations of beamwidth with Cn  ^and with time
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Figure 3.7 Beam wander variation with time (after ref. 3.1)
3 .4  PRACTICAL DATA
Dow ling e t  a l  [3 .2 ]  have p u b lis h e d  r e s u l t s  g iv in g  th e  v a r i a t i o n  of s h o r t
te rm  a v e ra g e  beam w id th  w ith  tim e and a l s o  th e  c o rre sp o n d in g  v a lu e  of 
2
C^ . The m easurem ents w ere made u s in g  a t r a n s m i t  le n s  a p e r tu r e  of
400 mm o v e r v a r io u s  p a th  l e n g th s .  T y p ic a l  r e s u l t s  f o r  a p a th  le n g th  of
1750 m a r e  shown i n  F ig u re  3 .6 .  T here  seems to  be g e n e r a l ly  a  v e ry  good
2
c o r r e l a t i o n  betw een  C^ and th e  beam w id th  f o r  w a v e len g th s  i n  th e
v i s i b l e  and n e a r  i n f r a - r e d  r e g io n s  b u t th e  m easurem ent a t  a w a v e len g th  of
1 0 .6  ym (mid i n f r a - r e d  re g io n )  i n  c o n t r a s t  shows v e ry  l i t t l e  c o r r e l a t i o n
2
betw een  beam w id th  and C^ , th e  beam w id th  rem a in in g  f a i r l y  c o n s ta n t  
w i th  tim e a t  t h i s  w a v e le n g th .
Buck [3 .3 ]  and Ochs and Law rence [3 .4 ]  have a ls o  p u b lis h e d  r e s u l t s  w hich 
a r e  i n  g e n e ra l  ag reem en t w ith  th o s e  of Dowling e t  a l  [ 3 .2 ] .
C ordray  e t  a l  [3 .5 ]  and Chiba [3 .1 ]  have p u b lis h e d  r e s u l t s  o f beam w ander 
m easu rem en ts . The l a t t e r  u sed  a t e l e v i s i o n  cam era to  m easu re  th e  beam 
w ander and v a lu e s  o f up to  30 mm w ere m easured  i n  s t r o n g  tu rb u le n c e  
(C^^ = 10 ^^m on a t e s t  ran g e  of p a th  le n g th  1380 m.
F ig u re  3 .7  g iv e s  some of C h ib a 's  r e s u l t s  f o r  p a th  le n g th s  o f 480 m and 
1380 m. V a rio u s  m easu rin g  te c h n iq u e s  w ere em ployed in c lu d in g  th e  u s e  o f a 
m ovie cam era and u se  o f a  p h o to d e te c to r ,  whose p o s i t i o n  c o u ld  be p r e c i s e l y  
a d ju s t e d ,  and d a ta  r e c o r d e r .
I n  a l l  c a se s  a  h ig h  c o r r e l a t i o n  betw een  th e  m agnitude of beam w ander and 
2
C^ was o b se rv e d , more th a n  a d e q u a te ly  s u p p o r t in g  th e  t h e o r e t i c a l  
p r e d i c t i o n s .
3 .5  CONCLUSIONS
T h is  c h a p te r  has  in d ic a te d  th e  s tr o n g  in f lu e n c e  of tu rb u le n c e  a s  m easured
2
by th e  r e f r a c t i v e  in d e x  s t r u c t u r e  p a ra m e te r  (C^ ) on beam w id th  and 
beam w ander. E m p ir ic a l ly  d e r iv e d  e x p re s s io n s  have been  d e r iv e d  by v a r io u s
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.w o rk e rs  to  p e rm it th e  p r e d i c t i o n  o f th e  m agn itude  of th e  v a r io u s  beam 
b ro a d e n in g  and beam w ander e f f e c t s  and th e  e x p re s s io n s  a p p e a r  to  be 
s u p p o r te d  by p r a c t i c a l  d a ta .
Beam w id th  and beam w ander m easurem ents have n o t been  made to  v a l i d a t e  th e  
p re v io u s  d a ta  g e n e ra te d  by o th e r  w orkers  as  p a r t  of t h i s  r e s e a r c h  w ork, 
p a r t l y  b e c au se  th e r e  a p p e a rs  to  be a d e q u a te  e x i s t i n g  e v id e n c e  to  su p p o r t  
t h e  t h e o r e t i c a l  p r e d i c t i o n s  and p a r t l y  due to  th e  a v a i l a b i l i t y  o f a  t e s t  
ran g e  h av in g  on ly  a maximum le n g th  o f 500 m. The d a ta  d is c u s s e d  i n  t h i s  
c h a p te r  s u g g e s ts  t h a t ,  f o r  sy stem s h a v in g  a p a th  le n g th  o f 500 m, th e  
m ag n itu d e  of beam b ro a d e n in g  and w ander i s  sm a ll and hence  n o t th e  dom inant 
c a u se  o f re c e iv e d  s ig n a l  power v a r i a t i o n s .  In  a d d i t io n  m easurem ent e r r o r  
c o u ld  be a  s i g n i f i c a n t  s o u rc e  of e r r o r  i n  any m easurem ents made o v e r t h i s  
l im i t e d  d i s t a n c e .  F ig u re  2 .6  i n  C h a p te r  2 com pared th e  m ag n itu d es  of 
t h e s e  e f f e c t s  w ith  t h a t  o f s c i n t i l l a t i o n  and s u g g e s te d  t h a t  th e  l a t t e r  i s  
t h e  m ain  c a u se  of tu rb u le n c e  in d u ced  system  pe rfo rm an ce  d e g ra d a t io n .  The 
r e s u l t s  from  t h i s  c h a p te r  w ould a p p e a r  to  e n d o rse  t h i s  c o n c lu s io n .
58
CHAPTER 4
ATMOSPHERIC TURBULENCE -  




ATMOSPHERIC TURBULENCE -  A REVIEW OF EXISTING THEORIES
4 .1  INTRODUCTION
C h a p te r  1 d is c u s s e d  th e  p r in c i p l e s  of a tm o sp h e ric  l i n e  o f s ig h t  o p t i c a l  
com m unication  and h ig h l ig h te d  some of th e  problem s a s s o c ia te d  w ith  t h i s  
p a r t i c u l a r  t r a n s m is s io n  medium. T u rb u le n c e  i n  th e  a tm o sp h ere  was n o te d  as 
b e in g  e s p e c i a l l y  tro u b le so m e . T u rb u le n t e d d ie s ,  p roduced  a s  a  r e s u l t  of 
g r o u n d - a i r  and a i r - a i r  te m p e ra tu re  d i f f e r e n t i a l s ,  g iv e  r i s e  to  v e ry  sm a ll 
v a r i a t i o n s  i n  te m p e ra tu re  (o f  th e  o r d e r  of 0 .1 -1® C ), w hich in  tu r n  c a u se  
sm a ll  changes i n  th e  r e f r a c t i v e  in d ex  o f th e  a tm o sp h e ric  medium, o f th e  
o r d e r  o f lO” ^ .
A lthough  th e s e  r e f r a c t i v e  in d ex  v a r i a t i o n s  a r e  v e ry  sm a ll i n  m ag n itu d e , i n  
a  p r a c t i c a l  a tm o sp h e ric  com m unications l in k  th e  t r a n s m i t t e d  o p t i c a l  s ig n a l  
p ro p a g a te s  th ro u g h  a la r g e  number o f r e f r a c t i v e  in d ex  d i f f e r e n t i a l s ,  
r e s u l t i n g  in  a  s i g n i f i c a n t  c u m u la tiv e  e f f e c t .
The c u m u la tiv e  e f f e c t  of th e s e  r e f r a c t i v e  in d ex  d i f f e r e n t i a l s  r e s u l t s  i n  
beam w ander and beam b ro a d e n in g , w hich w ere d is c u s s e d  in  C h a p te r  3 , and 
s c i n t i l l a t i o n  a t  th e  r e c e iv e r  w hich was c o n s id e re d  q u a l i t a t i v e l y  i n  
C h a p te r  2 and w hich w i l l  be c o n s id e re d  q u a n t i t a t i v e l y  i n  C h a p te r  6 .  As 
a l r e a d y  m en tio n ed , th e s e  i n t e n s i t y  f l u c t u a t i o n s ,  o r  s c i n t i l l a t i o n s ,  a r e  one 
o f  th e  m ajo r c a u se s  of t r a n s m is s io n  p e rfo rm an ce  d e g ra d a t io n  i n  a tm o s p h e r ic  
o p t i c a l  com m unication sy s te m s .
4 .2  HISTORICAL REVIEW
A com prehensive su rv ey  of th e  l i t e r a t u r e  h as  r e v e a le d  t h a t ,  a lth o u g h  h ig h  
sp eed  a tm o sp h e ric  com m unication was n o t t e c h n i c a l ly  f e a s i b l e  p r i o r  to  th e  
in v e n t io n  o f th e  l a s e r  by Maiman [4 .1 ]  i n  1960, a  g r e a t  d e a l  o f th e  
t h e o r e t i c a l  work and some e x p e r im e n ta l  work had a lr e a d y  been  c a r r i e d  o u t .
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a l b e i t  u s u a l ly  aim ed a t  i n v e s t i g a t io n s  i n to  wave p ro p a g a t io n  f o r  re a so n s  
o th e r  th a n  a tm o sp h e ric  com m unications.
P ro b a b ly  th e  m ost w ell-know n exam ple of th e  e f f e c t  of tu rb u le n c e  i n  th e  
a tm o sp h e re  i s  th e  tw in k lin g  o r ,  i n  more t e c h n ic a l  te rm s , th e  s c i n t i l l a t i o n  
o f  s t a r s  when o b se rv ed  from  th e  e a r t h .  In  th e  e a r ly  1 9 5 0 's th e r e  was 
c o n s id e r a b le  s c i e n t i f i c  i n t e r e s t  i n  th e  tw in k lin g  and q u iv e r in g  o f s t e l l a r  
im ages i n  a s tro n o m ic a l  t e l e s c o p e s .  V a rio u s  p a p e rs  w ere p u b lis h e d  on th e  
e f f e c t s  of s c i n t i l l a t i o n  a t  ab o u t t h i s  tim e by M ik e s e ll  [ 4 .4 ] ,  N e t t l e b a ld  
[ 4 .5 ] ,  B u t le r  [ 4 .6 ,  4 . 7 ] ,  E l l i s o n  e t  a l  [4 .8 ]  and F ro th e ro e  [ 4 .9 ] .  The 
i r r e g u l a r  d isp la c e m e n ts  o f th e  image of a  s t a r  i n  random d i r e c t i o n s  i s  
known as  q u iv e r in g  and i s  r e l a t e d  to  th e  f l u c t u a t io n s  i n  a n g le  of a r r i v a l  
o f  th e  re c e iv e d  l i g h t  w ave. T h is  p a r t i c u l a r  s u b je c t  h as  been  f a i r l y  
th o ro u g h ly  rev iew ed  by K o lc h in s k i [ 4 .1 0 , 4 .1 1 ] and th e  e f f e c t s  o f s p e c k le  
phenomena have been  rev iew ed  by D a in ty  [ 4 .1 2 ] .
The e f f e c t  of tu rb u le n c e  on a c o u s t i c  p ro p a g a tio n  ( i e  sound w aves) was 
s tu d ie d  as  e a r ly  as  1941 by Obukhov and o th e r s  [ 4 .1 3 ] .  V a rio u s  ap p ro a c h e s  
a p p e a r  to  have been  a d o p te d , f o r  in s ta n c e  K ra s i ln ik o v  u sed  a g e o m e tr ic a l  
ap p ro a c h  [ 4 .1 4 , 4 .1 5 ]  a s  d id  Bergmann [4 .1 6 ] and th e  l i m i t a t i o n s  of t h i s  
ap p ro a c h  w ere d is c u s s e d  by E l l i s o n  [4 .1 7 ] and T a t a r s k i i  [ 4 .1 8 ] .
I n  p r in c i p l e  th e  problem  w ith  th e  g e o m e tr ic a l  ap p ro ach  i s  t h a t  i t  i s  on ly  
v a l i d  f o r  r e l a t i v e l y  s h o r t  p a th  le n g th s  and in  th e  c a s e  o f o p t i c a l  waves i t  
i s  r e s t r i c t e d  to  d i s t a n c e s  of j u s t  a  few te n s  of m e tre s .
As a consequence  wave th e o ry  th e n  began to  be c o n s id e re d  d u r in g  th e  e a r ly  
1 9 5 0 's  by w orkers such  as M in tz n e r  [ 4 .1 9 - 4 .2 1 ] ,  Obukhov [4 .2 2 ]  and 
T a t a r s k i i  [ 4 .2 3 ] .
However, b o th  ray  th e o ry  (g e o m e tr ic a l  o p t i c s )  and wave th e o ry  w ere b a sed  on 
p e r t u r b a t io n  th e o r y ,  in  w hich g ra d u a l  in c re m e n ta l  changes a lo n g  th e
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p ro p a g a t io n  p a th  a re  assum ed. In  th e s e  a p p ro ach es  i t  was assum ed t h a t  
s c i n t i l l a t i o n s  w ere s m a ll i n  m agn itude  com pared w ith  th e  mean v a lu e  of 
s i g n a l .  T h is  i s  som eth ing  of a  r e s t r i c t i o n  a s  w i l l  be i n d ic a te d  in  
s u b se q u e n t d i s c u s s io n  of e x p e r im e n ta l  r e s u l t s  in  C h a p te rs  7 and 8 .
Obukhov [4 .2 2 ] overcam e t h i s  r e s t r i c t i o n  by em ploying a te c h n iq u e , 
s u g g e s te d  by Rytov [ 4 .2 4 ] ,  w hich in v o lv e d  ta k in g  th e  lo g a r i th m  o f th e  
o p t i c a l  i n t e n s i t y  f i e l d ,  and t h i s  te c h n iq u e  i s  now r e f e r r e d  to  a s  th e  
'R ytov* m ethod.
Two m ajo r t h e o r e t i c a l  works w ere p u b lis h e d  by Chernov [4 .2 ]  and T a t a r s k i i  
[ 4 . 3 ] ,  b o th  R u s s ia n s , in  E n g l is h  i n  th e  U n ite d  S t a te s  i n  1960 and  1961, 
r e s p e c t i v e l y .  The i n t e r e s t  o f Chernov and T a t a r s k i i  was n o t i n  o p t i c a l  
com m unication  a s  su c h , b u t i n  th e  g e n e ra l  a s p e c ts  of th e  p ro p a g a t io n  of 
w aves i n  a  t u r b u le n t  medium. T hese w orks w ere aim ed p r im a r i ly  a t  g a in in g  
a n  u n d e rs ta n d in g  o f e f f e c t s  such  as th e  p ro p a g a tio n  o f s t a r l i g h t  th ro u g h  
th e  a tm o sp h e re , and th e  p ro p a g a t io n  o f sound waves th ro u g h  th e  a tm o sp h ere  
and th e  s e a .  They w ere a ls o  of v a lu e  i n  s tu d y in g  th e  p r o p a g a t io n  of 
m icrow ave s ig n a ls  th ro u g h  p la n e ta r y  a tm o sp h eres  and th e  p ro p a g a t io n  of 
r a d io  waves th ro u g h  th e  io n o sp h e re  and i n t e r p l a n e t a r y  sp a c e .
I n  th e  mid 1 9 6 0 's  G racheva and co -w o rk e rs  [4 .2 5 , 4 .2 6 ] d e m o n s tra te d  t h a t  
t h e  th e o ry  f o r  th e  v a r ia n c e  of th e  lo g a r i th m  of th e  i r r a d i a n c e  d id  n o t 
a p p e a r  to  be a p p l i c a b le  to  lo n g  p a th  le n g th s  above a c e r t a i n  c r i t i c a l  
v a lu e .  T h is  e f f e c t  i s  now known as  th e  's a t u r a t i o n  e f f e c t '  and i s  
d is c u s s e d  i n  d e t a i l  i n  S e c t io n  4 .5 .
4 .3  REVIEW OF THE VARIOUS THEORIES
4 .3 .1  C la s s i c a l  Theory
I t  h as  been  shown by v a r io u s  w orkers  [ 4 .3 ,  4 .2 7 ,  4 .2 8 ] t h a t  th e  
r e f r a c t iv e - in d e x  f lu c t u a t io n s  a r e  p r o p o r t io n a l  to  th e  te m p e ra tu re  
f l u c t u a t i o n s .  The te m p e ra tu re  f lu c t u a t io n s  o r ig i n a t e  from  l a r g e - s c a l e
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phenomena, such  as h e a t in g  of th e  e a r t h 's  s u r f a c e ,  b u t a re  b ro k en  down 
and  mixed by th e  w ind u n t i l  th ey  e x i s t  a t  a l l  s c a l e s .  S in c e  wind 
v e lo c i ty  f l u c t u a t io n s  c o n t r o l  th e  te m p e ra tu re  v a r i a t i o n s ,  th e  
s t a t i s t i c s  of th e  random v e lo c i ty  f i e l d  have had to  be s tu d ie d .  The 
two books by T a t a r s k i i  [ 4 .3 ] ,  [4 .2 7 ]  on tu rb u le n c e  in c lu d e  a s p e c ts  
p a r t i c u l a r l y  r e l e v a n t  to  p r o p a g a t io n .
The k i n e t i c  e n e rg y  o f tu rb u le n c e  i s  u s u a l ly  in tro d u c e d  by such  
l a r g e  s c a le  phenomena a s  w ind , o r  c o n v e c tio n  from  s o l a r  h e a t in g ,  
a n d /o r  man-made h e a t  s o u rc e s  from  th e  g ro u n d . T h e re fo re , i t  i s  
r e a s o n a b le  to  assume t h a t  th e  t u r b u le n t  e n e rg y  i s  in tro d u c e d  th ro u g h  
th e  a c t i o n  o f s c a le  s i z e s  l a r g e r  th a n  some minimum v a lu e  L q c a l l e d  th e  
o u te r  s c a l e  of tu rb u le n c e ,  w hich c o rre sp o n d s  to  a  wavenumber kg = 
2 ïï/ L o* For s c a l e  s i z e s  h a v in g  wavenumbers s m a l le r  th a n  k o  th e  form  of 
th e  en erg y  sp ec tru m  c a n n o t be so  e a s i l y  s p e c i f i e d  s in c e  i t  depends on 
s u r f a c e  geography  and l o c a l  m e te o ro lo g ic a l  c o n d i t io n s .  N ear th e  
g ro u n d , th e  v a lu e  of th e  o u te r  s c a le  i s  th o u g h t to  be com parab le  w ith  
th e  h e ig h t  above g ro u n d . In  th e  u p p e r a tm o sp h ere  Lo i s  o f t e n  100 
m e tre s  o r  m ore, b u t i n  th e  p re s e n c e  o f s t r a t i f i e d  l a y e r s ,  p e rh a p s  as 
t h i n  a s  a  few m e tre s , L q c anno t g r e a t ly  exceed  th e  l a y e r  t h ic k n e s s .
As th e  s p a t i a l  wavenumber in c r e a s e s  above ko and th e  s c a l e  s iz e  
becomes s m a l le r  th a n  th e  d i s t a n c e  to  th e  g ro u n d , o r  to  th e  n e a r e s t  
i n v e r s io n  l a y e r ,  th e  tu rb u le n c e  te n d s  to  become hom ogeneous. '  U nder 
th e s e  c o n d i t io n s ,  b o th  th e o ry  and e x p e rim e n t i n d i c a t e  a 
dependence f o r  th e  sp e c tru m . The th e o ry  of t h i s  d ependence , 
o r i g i n a l l y  p ro p o sed  by Kolmogorov [ 4 .2 9 ] ,  i s  based  on th e  a ssu m p tio n  
t h a t  th e  en erg y  i s  in p u t  a t  sm a ll wavenumbers and d i s s i p a t e d  a t  much 
l a r g e r  w avenum bers, and th e  s c a le  s i z e s  a r e  sm a ll  enough so  t h a t  
buoyancy e f f e c t s  a r e  n e g l i g i b l e .  In  t h i s  wavenumber ran g e  known a s  

















Figure 4.1 Kolmogorov and Tatarskii models for fluctuations of 
refractive index
Note: ko =  2£an d  =  2% where typically Lq =  1-10m  and Iq =  1-30 mm)
Lq 'o
Thus th ey  t r a n s f e r  en e rg y  to  s m a l le r  s c a le s  (h ig h e r  wavenum bers) down 
t o  th e  " in n e r  s c a le  of tu rb u le n c e "  1 o, a s c a le  of on ly  a few 
m i l l im e t r e s ,  w here th e  en erg y  i s  d i s s i p a te d  in to  h e a t .  F ig u re  4 .1  
i l l u s t r a t e s  t h i s  d ia g ra m m a tic a l ly .
T a t a r s k i i  [4 .2 7 ] p ro p o sed  th e  fo llo w in g  m odel f o r  th e  a tm o sp h e ric  
r e f r a c t i v e  in d e x  sp ec tru m  b a sed  on th e  s t a t i s t i c a l  m odel o f Kolmogorov
[ 4 .2 9 ] : -
- 1 1 /
0 (k )  = 0 .0 3 3  k ^exp ( 4 .1 )
2
w here = r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r
k = wavenumber
ko  = wavenumber c o rre s p o n d in g  to  th e  o u te r  s c a l e  of
tu rb u le n c e  L o w here k  o = 2 ir/L
k^ = wavenumber c o rre s p o n d in g  to  th e  in n e r  s c a l e  of
tu r b u le n c e ,  1 o w here k^ = 2 ir/L
Ul  " 0
The a d ju s ta b le  p a ra m e te rs  of th e  a tm o sp h e ric  r e f r a c t i v e  in d e x  m odel 
a r e  a s  fo llo w s :
21 , th e  r e f r a c t iv e - in d e x  s t r u c t u r e  p a ra m e te r  (som etim es 
o p t i m i s t i c a l l y  c a l l e d  th e  s t r u c t u r e  " c o n s ta n t" )  w hich  i s  a 
m easu re  of th e  m agn itude  of th e  r e f r a c t iv e - in d e x  f l u c t u a t i o n s ;
i i  1 0, th e  in n e r  s c a l e  of tu rb u le n c e ,  below w hich v is c o u s  
d i s s i p a t i o n  s te e p e n s  th e  sp ec tru m ;
i i i  L 0, th e  o u te r  s c a l e  of tu rb u le n c e ,  above w hich th e  en e rg y  i s  
presum ed to  be in tro d u c e d  in to  th e  tu rb u le n c e .
The e f f e c t s  of beam s p re a d , beam w ander and s c i n t i l l a t i o n  on o p t i c a l  
com m unications system s a r e  d e te rm in e d  to  a l a r g e  e x te n t  by th e  " la r g e
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s c a le "  and " sm a ll  s c a le "  t u r b u le n t  v a r i a t i o n s .  L arge s c a l e  v a r i a t i o n s  
a r e  th o s e  phenomena t h a t  a f f e c t  th e  a v e rag e  p o s i t i o n  o f a  l i g h t  beam 
m easured  o v e r  a  p e r io d  o f ,  s a y , 10 seco n d s; sm a ll s c a l e  v a r i a t i o n s  a r e  
th o s e  i r r e g u l a r i t i e s  t h a t ,  f o r  exam ple, d i s t o r t  an im age, b ro ad en  a 
l a s e r  beam, o r  c a u se  r a p id  tw in k lin g  and d a n c in g  o f a  s t a r  ( s e e  
F ig u re  2 . 5 ) .  The p h y s ic a l  d iv id in g  l i n e  betw een  th e s e  s c a l e s  i s  ab o u t 
a  m e tre  o r  l e s s .
The l a r g e s t  s c a l e s  i n  th e  a tm o sp h ere  a r e  due to  th e  g e n e ra l  d e c re a s e
w i th  h e ig h t  o f a tm o sp h e ric  d e n s i ty  and th e  c u rv a tu re  o f th e  
a tm o s p h e r ic  l a y e r  a s  i t  c l in g s  to  th e  s p h e r i c a l  e a r t h .  I t  i s  f o r  t h i s  
r e a s o n  t h a t  an o p t i c a l  ra y  a r r i v in g  a t  th e  e a r t h  from  a s t a r  bends 
down-ward as  i t  p a s s e s  th ro u g h  an a tm o sp h ere  o f s t e a d i l y  in c r e a s in g  
r e f r a c t i v e  in d e x . T h is  e f f e c t  i s  p a r t i c u l a r l y  s i g n i f i c a n t  f o r  s t a r s  
n e a r  th e  h o r iz o n  o r  f o r  n e a r - h o r i z o n ta l  g ro u n d -to -g ro u n d  o p t i c a l  
p a th s .
The r e f r a c t i v e  in d e x  n o f th e  a tm o sp h ere  i s  c o n v e n ie n tly  and 
c u s to m a r i ly  c h a r a c te r i s e d  i n  term s of th e  r e f r a c t i v i t y , N, m easured  i n  
p a r t s  p e r  m i l l i o n .  T hese N u n i t s  a r e  r e l a t e d  to  n by N = ( n - l ) l O ^ .
F o r o p t i c a l  w a v e len g th s  N = 79 P /T , w here P i s  th e  a tm o s p h e r ic
p r e s s u r e  i n  m i l l i b a r s  and T i s  th e  te m p e ra tu re  i n  d e g re e s  K e lv in . N
i s  ro u g h ly  e q u a l to  290 a t  s e a  l e v e l ,  v a ry in g  w ith  w a v e len g th  by ab o u t 
10 p e r  c e n t o v e r th e  v i s i b l e  band and w ith  h u m id ity  by a b o u t one p e r  
c e n t .  The d e t a i l s  of th e s e  v a r i a t i o n s  have been  rev iew ed  by Owens
[ 4 .3 0 ] .
The a c tu a l  a tm o sp h ere  i s  u s u a l ly  l e s s  sm ooth th a n  th e  i d e a l  m odel o f 
th e  a tm o sp h e re . P a r t i c u l a r l y  c h a r a c t e r i s t i c  a re  l a y e r s  h a v in g  g r e a t  
h o r i z o n t a l  e x te n t  and a v e r t i c a l  te m p e ra tu re  g r a d ie n t  t h a t  changes 
a b r u p t ly .  T h e ir  s t r u c t u r e  i s  u s u a l ly  m easured  w ith  s ta n d a r d  b a l lo o n -
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b o rne  ra d io so n d e  equ ipm ent h a v in g  tim e c o n s ta n ts  t h a t  l i m i t  th e  
s p a t i a l  r e s o l u t i o n  to  ab o u t 15 m e tre s . Thus, th e r e  i s  on ly  a l im i te d  
know ledge of how s h a rp ly  d e f in e d  such  la y e r s  may be .
The work of Lane [4 .3 1 ] and R ic h te r  [4 .3 2 ] s u g g e s ts  t h a t  t h e r e  a re  
t h i n  sh a rp  g r a d ie n ts  o f r e f r a c t i v e  in d e x , o f te n  w e l l  above g round , 
e x te n d in g  h o r iz o n t a l ly  f o r  many k i lo m e tr e s  and p e r s i s t i n g  f o r  h o u rs  a t  
a t im e . V is u a l  o b s e rv a t io n  from  a i r c r a f t  p a s s in g  th ro u g h  th e  boundary  
o f  a haze  l a y e r  o c c a s io n a l ly  d i s c lo s e s  a  more o r  l e s s  r e g u la r  
u n d u la t io n  of th e  l a y e r .  Ludlam [4 .3 3 ] s u g g e s te d  t h a t  th e  b re a k in g  of 
su ch  waves p ro d u ces  much of th e  tu rb u le n c e  t h a t  o c c u rs  a  k i lo m e tr e  o r  
m ore above g ro u n d .
The ’c l a s s i c a l ’ th e o ry  of a tm o sp h e ric  l i n e - o f - s i g h t  o p t i c a l  
com m unication  i s  u s u a l ly  a t t r i b u t e d  to  Chernov [4 .2 ]  and 
T a t a r s k i i  [ 4 .3 ] ,  who s o lv e d  th e  wave e q u a tio n  d i r e c t l y  u s in g  
p e r t u r b a t io n  te c h n iq u e s .
T h is  work by Chernov and T a t a r s k i i  i s  fo rm a lly  known a s  th e  ’M ethod of 
S m all P e r t u r b a t i o n s ’ and in v o lv e s  th e  e x p a n sio n  o f th e  m agn itude  of 
t h e  e l e c t r i c  f i e l d  i n to  a  s e r i e s  o f e v e r - d e c r e a s in g  term s w hich may o r  
may n o t c o n v e rg e . When th e  s e r i e s  conv erg es  a  f i n i t e  num ber o f term s 
w i l l  a c c u r a te ly  d e s c r ib e  th e  p ro p a g a tio n  p a th .  As th e  s t r e n g th  of th e  
r e f r a c t i v e  in d e x  f l u c t u a t io n s  in c r e a s e s  th e  s e r i e s  does n o t converge  
r e s u l t i n g  i n  an im p e r fe c t  r e p r e s e n ta t i o n  o f c o n d it io n s  p o r t r a y in g  th e  
s a t u r a t i o n  e f f e c t  and th e  m odel can n o t th e n  be a p p l i e d .
Law rence and S tro h b e h n  [4 .3 4 ] and F a n te  [4 .3 5 ] have p ro d u ced  e x c e l l e n t  
rev ie w s  of th e  c l a s s i c a l  a p p ro a c h . However, th e  fu n d am e n ta l p rob lem  
w i th  th e  c l a s s i c a l  ap p ro ach  i s  t h a t  i t  does n o t a d e q u a te ly  e x p la in  th e  
s a t u r a t i o n  e f f e c t ,  which o c c u rs  a t  h ig h  l e v e l s  o f tu rb u le n c e  a n d /o r  
lo n g e r  p a th  l e n g th s .
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4 .3 .2  Modem T h e o r ie s
The ' c l a s s i c a l ’ ap p ro ach  has  been  b u i l t  on i n  more r e c e n t  y e a rs  by 
v a r io u s  ’m odern’ t h e o r i e s  w hich w ere aim ed a t  q u a n t i f y in g  th e  
s a t u r a t i o n  e f f e c t  e t c .
I n  o r d e r  to  make p ro g re s s  in  th e  s o lu t io n  o f th e  wave e q u a tio n  i n  t h i s  
m ost d i f f i c u l t  a r e a  m ost w o rk ers  have made c e r t a i n  a p p ro x im a tio n s  
w hich  in c lu d e  th e  a ssu m p tio n s  t h a t : -
a .  The f l u c t u a t i n g  p a r t  of th e  d i e l e c t r i c  c o n s ta n t  i s  much 
s m a l le r  th a n  th e  mean v a lu e ,
b . th e  w a v e len g th  i s  v e ry  sm a ll com pared w ith  th e  s iz e  of a 
t y p i c a l  d i e l e c t r i c  c o n s ta n t  in h o m o g en e ity ,
c .  th e  p a th  le n g th  i s  l a r g e  compared w ith  th e  w a v e len g th  and 
s i z e  of in h o m o g en e ity .
T hese  a p p ro x im a tio n s , e i t h e r  i n d iv id u a l ly  o r com bined, y i e l d  a  number 
o f  d i f f e r e n t  s im p l i f ie d  form s of th e  wave e q u a tio n . The v a r io u s  
a p p ro a c h e s  a r e  rev iew ed  in  some d e t a i l  by S tro h b eh n  [4 .3 6 ] b u t th r e e  
m ain  ap p ro a c h e s  have been  i d e n t i f i e d  from  th e  l i t e r a t u r e  each  o f w hich 
y i e l d s  th e  same o v e r a l l  r e s u l t .  They a r e  a l l  e x tre m e ly  com plex and 
a r e  beyond th e  sco p e  of t h i s  t h e s i s ;  th e  i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  
t o  th e  v a r io u s  r e f e r e n c e s  f o r  a d e t a i l e d  a p p r a i s a l .
The s o - c a l l e d  D iagram  m ethod was p ro p o sed  by B o u rre t  [ 4 .3 7 ,  4 .3 8 ]  i n  
w hich g r a p h ic a l  te c h n iq u e s  w ere a p p lie d  i n  o rd e r  to  s im p l i f y  th e  wave 
e q u a t io n  f o r  th e  re c e iv e d  o p t i c a l  f i e l d .  The te c h n iq u e  le a d s  to  
r e a s o n a b le  s o lu t io n s  f o r  th e  mean f i e l d  s im i l a r  to  th o s e  f o r  th e  
c l a s s i c a l  a p p ro a c h . However, th e  m athem atics  a re  s t i l l  e x tre m e ly  
cumbersome p a r t i c u l a r l y  when e n d e av o u rin g  to  e s t a b l i s h  th e  e f f e c t s  of
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h ig h  l e v e l s  of tu rb u le n c e  a n d /o r  lo n g  p a th  le n g th s  as  i s  th e  c a se  i n  
t h e  s a t u r a t i o n  r e g io n .
T a t a r s k i i  [4 .3 9 , 4 .4 0 ]  and K ly a ts k in  [4 .4 1 -4 .4 3 ]  b o th  dev e lo p ed  
s i m i l a r  te c h n iq u e s  w hich u sed  th e  Markov random p r o c e s s .  In  th e s e  
te c h n iq u e s  f l u c t u a t i o n s  i n  th e  a tm o sp h e ric  r e f r a c t i v e  in d e x  w ere 
assum ed to  be c o m p le te ly  u n c o r r e la t e d  i n  th e  d i r e c t i o n  o f p ro p a g a tio n  
and  as  a  consequence  th e  e q u a tio n s  f o r  th e  moments o f th e  
e le c t r o - m a g n e t ic  f i e l d  c o u ld  be d e r iv e d  u s in g  th e  Markov random 
p r o c e s s .  The Markov a p p ro x im a tio n  te c h n iq u e  y ie ld s  th e  same u l t im a te  
e q u a t io n s  as  th e  D iagram  m ethod and hence  h as  th e  same d raw backs.
The c l a s s i c a l  ap p ro a c h , o f te n  known as  th e  'm ethod o f s m a ll 
p e r t u r b a t i o n s '  h a s  been  f u r t h e r  d ev e lo p ed  by th e  'm o d ern ' t h e o r i s t s  by 
m aking s im i l a r  a ssu m p tio n s  to  th o s e  made by T a t a r s k i i  i n  th e  Markov 
random p ro c e s s  te c h n iq u e  to g e th e r  w ith  th e  a ssu m p tio n s  t h a t  
d e p o la r i s a t i o n  and b a c k s c a t t e r  e f f e c t s  a r e  n e g l i g i b l e .  The te c h n iq u e  
in v o lv e s  w ork ing  on t h i n  s la b s  o f th e  a tm o sp h e ric  medium o r i e n t a t e d  
p e rp e n d ic u la r  to  th e  p ro p a g a tio n  a x i s .  The th ic k n e s s  o f each  s l a b  was 
assum ed to  be la r g e  com pared w ith  th e  l a r g e s t  inh o m o g en e ity  b u t s m a ll 
enough so  t h a t  a  p e r tu r b a t io n  m ethod may be em ployed to  c a l c u l a t e  th e  
f i e l d  as  i t  p ro p a g a te s  th ro u g h  th e  s l a b .  T h is  m ethod y i e ld s  th e  same 
o v e r a l l  r e s u l t  as o b ta in e d  f o r  th e  o th e r  two 'm odern ' m eth o d s.
4 .3 .3  U se fu ln e s s  o f th e  'C l a s s i c a l '  and 'M odern ' T h e o r ie s  
B oth  th e  c l a s s i c a l  and th e  m odern t h e o r i e s  a r e  in v a r i a b ly  e x tre m e ly  
m a th e m a tic a lly  com plex. The c l a s s i c a l  th e o ry  a p p e a rs  to  be a d e q u a te  
f o r  system s h av in g  s h o r t  p a th  le n g th s  i n  w hich tu rb u le n c e  i s  n o t to o  
s e v e r e .  The m odern t h e o r i e s  w hich w ere d ev e lo p ed  i n  an  en d eav o u r to  
open  up t h e i r  a p p l i c a b i l i t y  to  in c lu d e  lo n g  p a th  le n g th s  and h ig h  
l e v e l s  of tu rb u le n c e  have n o t been  p a r t i c u l a r l y  s u c c e s s f u l  i n  t h i s
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r e s p e c t ,  and a s  such  do n o t c u r r e n t ly  have much to  o f f e r  o v e r and 
above th e  o r i g i n a l  c l a s s i c a l  a p p ro a c h .
4 .4  IMPORTANT MATHEMATICAL MODELS
F o llo w in g  th e  Rytov p rem ise  t h a t  th e  lo g  a m p litu d e  f l u c t u a t i o n ,  x , i s
n o rm a lly  d i s t r i b u t e d ,  T a t a r s k i i  [4 .3 ]  was a b le  to  deduce e x p re s s io n s  f o r
t h e  lo g  a m p litu d e  and lo g  i r r a d i a n c e  v a r ia n c e s .  The lo g a r i th m  i s  ta k e n  in
o r d e r  to  overcome th e  problem  t h a t  th e  a m p litu d e  f l u c t u a t i o n s  can  i n
p r a c t i c e  be v e ry  la r g e  com pared w ith  th e  mean a m p litu d e  l e v e l .  Assuming
p la n e  wave p ro p a g a tio n  and th e  Kolmogorov-Obukhov m odel f o r  a tm o sp h e r ic
tu r b u le n c e  [4 .2 9 ] T a t a r s k i i  p o s tu l a te d  t h a t ,  f o r  h o r i z o n ta l  p la n e  wave
2p ro p a g a t io n  th ro u g h  th e  a tm o sp h e re , th e  lo g  a m p litu d e  v a r ia n c e  
i s  g iv e n  by:
= 0.31 C^  ^ k^/G l 11/6
f o r  Lq » (  ( 4 .2 )
2 2To a v o id  any c o n fu s io n  i t  sh o u ld  be n o ted  t h a t  = 4 w here 
2
i s  th e  lo g  a m p litu d e  v a r ia n c e  and hence  i t  fo llo w s  t h a t  th e  lo g  
2
i r r a d ia n c e  v a r ia n c e  i s  g iv e n  by:
= 1 .24  C^^ k^/G L ^l/G  ( 4 .3 )
w here L = p a th  le n g th
L 0 = o u te r  s c a le  of tu rb u le n c e ,  t y p i c a l l y  1 m.
1 0 = in n e r  s c a le  of tu rb u le n c e ,  t y p i c a l l y  a few mm.
k = 2%/X
E x p re s s io n  (4 .3 )  i s  som etim es r e f e r r e d  to  a s  th e  Rytov a p p ro x im a tio n  s in c e  
i t  em ploys an app ro ach  o r i g i n a l l y  p ro p o sed  by Rytov [ 4 .2 4 ] .  A lthough  based  









Figure 4.2 Log-ampiitude and iog-irradiance variances versus Cn‘ 









100's to 1000’s m etres
Figure 4.3 The variation of o" with path iength
F or a system  o p e ra t in g  a t  a  w a v e len g th  of one m ic ro n  o v e r  a p a th  le n g th ,  L, 
2
o f  1000 m, (jj^  becomes
= 1 .24  C,^  [ 2 i r x  1 0 ^ ] x 1000^^^^
= 3 3 .4  X  l O ^ Z  X
'  2 2 2 F ig u re  4 .2  shows th e  r e l a t i o n s h i p  betw een , and f o r
p a th  le n g th s  of 500 and 1000 m and a w a v e len g th  o f 1 m ic ro n .
4 .5  THE ’ SATURATION EFFECT’
4 .5 .1  G en e ra l
I t  h a s  been  shown t h e o r e t i c a l l y ,  and a ls o  p h y s ic a l ly  o b se rv e d  f o r  some
tim e  [ 4 .4 4 ] ,  t h a t  th e  v a r ia n c e  o f th e  lo g a r i th m  of th e  o p t i c a l  s ig n a l
a m p litu d e  (and  hen ce  i r r a d ia n c e )  f l u c t u a t i o n s  i n c r e a s e s  w i th  p a th
le n g th  up to  a  c e r t a i n  d i s t a n c e .  P h y s ic a l  m easurem ents have shown
2
t h a t  beyond t h i s  c r i t i c a l  p a th  le n g th ,  Oj^  rem a in s  n o m in a lly  
c o n s ta n t ,  i e  i t  h a s  ’ s a t u r a t e d ’ . T h is  e f f e c t  i s  e x tre m e ly  s i g n i f i c a n t  
i n  th e  d e s ig n  o f t e r r e s t r i a l  l i n e  of s ig h t  o p t i c a l  com m unication  
sy s tem s s in c e  th e  maximum v a lu e  of (jj^  f o r  th e  maximum d e s ig n  p a th  
le n g th  f o r  th e  system  d e te rm in e s  th e  r e q u i r e d  dynam ic ran g e  o f th e  
r e c e i v e r .  A t y p i c a l  c h a r a c t e r i s t i c  i l l u s t r a t i n g  th e  s a t u r a t i o n  e f f e c t  
a s  p a th  le n g th  i s  in c r e a s e d  i s  shown i n  F ig u re  4 .3 .
The d iagram  i l l u s t r a t e s  th e  v a r i a t i o n  o f th e  v a r ia n c e  o f th e  lo g
i r r a d i a n c e  w ith  in c r e a s e  i n  p a th  le n g th .  In  th e  p r e - s a t u r a t i o n  r e g io n
t h e  in c r e a s e  i n  v a lu e  of v a r ia n c e  i s  f a i r l y  l i n e a r  w i th  i n c r e a s e  i n
p a th  l e n g th .  However, a t  p a th  le n g th s  of a few hund red  m e tre s
s a t u r a t i o n  b e g in s  to  o ccu r such  t h a t  f u r t h e r  i n c r e a s e s  i n  p a th  le n g th
do n o t r e s u l t  i n  any f u r t h e r  i n c r e a s e  i n  , In d eed  i n  many 
2
i n s t a n c e s  a c tu a l l y  d e c re a s e s  a l i t t l e  to  form  a s l i g h t  
’ t ro u g h ’ i n  th e  s a t u r a t i o n  r e g io n .
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2E q u a tio n  (4 .3 )  i n d i c a t e s  t h a t  th e  lo g  i r r a d ia n c e  v a r ia n c e  cr^  i s
p r o p o r t io n a l  to  and t h i s  a p p e a rs  to  be a p p l ic a b le  on s h o r t e r
p a th  le n g th s  of a  few hundred  m e tre s  o r  l e s s .  However, as th e  p a th
le n g th  i s  in c r e a s e d  and ' s a t u r a t i o n '  o f oj^  o c c u rs , th e  e q u a tio n
n o * lo n g e r  h o ld s  [ 4 .4 5 ] .  C l i f f o r d  e t  a l  [4 .4 5 ] s u g g e s t  t h a t  from  t h e i r
2
m easurem ents th e  e q u a tio n  does n o t h o ld  f o r  v a lu e s  of i n  
e x c e s s  of ab o u t 1 .0 .
2O th e r  w orkers s u g g e s t  t h a t  s a t u r a t i o n  does n o t o ccu r u n t i l
re a c h e s  a  v a lu e  of n e a r ly  3 .0  and t h a t  e x p re s s io n  ( 4 .3 )  a p p l i e s  up to
2 2t h i s  v a lu e .  (N ote  t h a t  = 4 i e  th e  lo g  i r r a d ia n c e  
v a r ia n c e  e q u a ls  fo u r  tim es  th e  lo g  a m p litu d e  v a r i a n c e . )
4 .5 .2  T h e o rie s  to  E x p la in  th e  'S a t u r a t i o n  E f f e c t '
The s a t u r a t i o n  e f f e c t ,  whereby th e  v a r ia n c e  o f th e  lo g a r i th m  of th e  
o p t i c a l  s ig n a l  a m p litu d e  (o r  i r r a d ia n c e )  f l u c t u a t i o n s  s a t u r a t e s  as a 
c r i t i c a l  p a th  le n g th  i s  re a c h e d , has been  th e  s u b je c t  of v a r io u s  
s tu d i e s  aimed a t  d e r iv in g  some form  of model to  d e s c r ib e  th e  e f f e c t .
I t  i s  n o tew o rth y  t h a t  to  d a te  t h e r e  have been  no t h e o r i e s  p u b lis h e d  
w hich  f u l l y  a d e q u a te ly  e x p la in  o r  q u a n t i f y  th e  s a t u r a t i o n  phenomenon 
[ 4 .4 4 ,  4 .4 6 ] .  The m ost a p p l i c a b le  m odel p roduced  to  d a te  i s  t h a t  of 
P h i l i p s  e t  a l  [4 .4 7 ] who have d ev e lo p ed  a u n iv e r s a l  e m p i r ic a l ly  
d e r iv e d  m a th e m a tic a l m odel w hich a p p e a rs  to  f i t  th e  p r a c t i c a l  d a ta  to  
a n  a c c e p ta b le  d e g re e  o f a c c u ra c y . The model assum es lo g -n o rm a l 
s t a t i s t i c s  f o r  s h o r t  p a th  l e n g th s ,  a  R ay le ig h  ty p e  d i s t r i b u t i o n  f o r  
t h e  r e g io n  around  maximum v a r ia n c e  of lo g  i r r a d i a n c e  f l u c t u a t i o n s ,  and 
a n e g a tiv e  e x p o n e n tia l  d i s t r i b u t i o n  beyond th e  maximum v a r ia n c e  ( s e e  
F ig u re  4 .3 ) .  The m odel h as  y e t  to  be v e r i f i e d  by o th e r  w o rk e rs .
The a p p ro ach es  m en tioned  i n  S e c t io n  4 .3  w ere aim ed a t  s o lv in g  th e  wave 
e q u a tio n s  f o r  o p t i c a l  p r o p a g a t io n  in  th e  a tm o sp h e re , and a l l  y ie ld e d
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e x tre m e ly  complex e x p re s s io n s  w hich to  d a te  have n o t been  so lv e d  in  a 
m anner w hich has been  c o m p le te ly  u s e f u l  f o r  com parison  w ith  
e x p e r im e n ta l  r e s u l t s  o v e r th e  f u l l  ran g e  of o p e r a t io n a l  c o n d i t io n s .  
M oreover th e  ap p ro a c h e s  have n o t so  f a r  p e rm it te d  an  a d e q u a te  
u n d e rs ta n d in g  o f th e  b a s ic  p h y s ic a l  mechanism  u n d e r ly in g  th e  
s a t u r a t i o n  p r o c e s s .
4 .6  TECHNIQUES FOR ALLEVIATING SCINTILLATION EFFECTS
S c i n t i l l a t i o n  in  a tm o sp h e ric  d i g i t a l  com m unication  system s g iv e s  r i s e  to  
e r r o r  r a t e s  g r e a t ly  in  e x c e s s  of th o s e  w hich would be o b ta in e d  i f  th e  
medium was f r e e  s p a c e . In  p r i n c i p a l  t h i s  d e g ra d a t io n  in  system  p e rfo rm an ce  
c a n  be a l l e v i a t e d  b y : -
a .  in c r e a s in g  th e  t r a n s m i t t e d  pow er, 
o r  b . in c r e a s in g  th e  r e c e iv e r  s e n s i t i v i t y  a n d /o r  th e  r e c e iv e d  pow er.
The fo llo w in g  p a r t i c u l a r  te c h n iq u e s  a r e  n o tew o rth y
i  S p a t i a l  D iv e r s i ty  R e c e p tio n
T h is  te c h n iq u e  i s  a d e r i v a t i o n  of t h a t  commonly employed on f ix e d  
p o in t  to  p o in t  m icrowave r a d io  t r a n s m is s io n  sy s te m s , i n  w hich a number 
o f  r e c e iv e r s ,  say  n , a re  u t i l i s e d ,  each  s e p a r a te d  by more th a n  a 
lo g -a m p ii tu d e  c o h e ren ce  le n g th  from  th e  o th e r s .  In  t h i s  way n t im e s  
t h e  o p t i c a l  s ig n a l  en erg y  i s  r e c e iv e d  w ith  n d i f f e r e n t  s c i n t i l l a t i o n  
v a lu e s  and hence  im proved e r r o r  r a t e  pe rfo rm an ce  can  be o b ta in e d .
i i  D e te c to r  A rrays
T h is  te c h n iq u e  may be re g a rd e d  as  a  v a r i a t i o n  o f s p a t i a l  d i v e r s i t y  
w hereby a number of d e te c to r s  p ro v id e  s p a t i a l  d i v e r s i t y  r e c e p t io n  b u t  
w i th in  th e  r e c e iv e r  and , o f c o u rs e , a f t e r  th e  r e c e iv e r  l e n s  a p e r t u r e .  
T h is  te c h n iq u e  i s  of p a r t i c u l a r  v a lu e  i n  overcom ing th e  e f f e c t s  of 
beam w ander, and to  a  l e s s e r  e x te n t  beam s p re a d .
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i i i  A p e r tu re  A verag ing
E q u a tio n  ( 4 .3 )  a p p l i e s  on ly  to  a p o in t - s i z e d  r e c e iv e r  i n  w hich th e  
f l u c t u a t i o n s  a r e  c o r r e la t e d  o v e r  th e  s i z e  of th e  r e c e iv e r .  As th e  
r e c e iv e r  becomes b ig g e r ,  th e  s ig n a l  f lu c t u a t io n s  become u n c o r r e la te d  
and  a r e  av e rag ed  o v e r  th e  a p e r tu r e ,  w ith  th e  o v e r a l l  e f f e c t  of 
d e c re a s in g  th e  t o t a l  i n t e n s i t y  f l u c t u a t i o n  a t  th e  d e t e c to r .
S h a p iro  [4 .4 8 ] h as  e s t a b l i s h e d  an a p e r tu re - a v e r a g in g  f a c t o r ,  F , w hich 
q u a n t i f i e s  th e  a m e l io r a t io n  of th e  f a d in g  t h a t  r e s u l t s  from  
s p a t i a l - a v e r a g in g  o f th e  s c i n t i l l a t i o n  w i th in  th e  r e c e iv e r  o p t i c s .
The f a c t o r  i s  g iv e n  by;
AL/Ag2
1 + ( AL/A% )
w here X = w a v e len g th  
L = p a th  le n g th
Ag^  = e f f e c t i v e  a r e a  of r e c e iv e r  l e n s .
T h is  e x p re s s io n  was d e r iv e d  u s in g  th e  T a t a r s k i i  th e o ry  [ 4 .3 9 ] .
I t  h a s  been  s u g g e s te d  by B rookner [4 .4 9 ] t h a t  f o r  many a p p l i c a t i o n s  a  
w e l l  d e s ig n e d  d i r e c t  d e te c t io n  system  may n o t be s i g n i f i c a n t l y  more 
s e n s i t i v e  to  background r a d i a t i o n  th a n  f o r  in s t a n c e  a h e te ro d y n e  
r e c e iv e r  sy s te m . M oreover, s in c e  d i r e c t  d e te c t io n  i s  s im p le r  to  
im plem ent th a n  h e te ro d y n e  d e te c t i o n  i t  ten d s  to  be a more p r a c t i c a l  
p r o p o s i t io n  f o r  many a p p l i c a t i o n s ,  e s p e c i a l l y  t e r r e s t r i a l  l i n e  o f 
s i g h t  sy s te m s.
iv  Coding and M essaging T ech n iq u es
M essage r e p e t i t i o n  may be em ployed e i t h e r  in  a d d i t io n  to  th e  above o r  
a s  an a l t e r n a t i v e .  I f  a  m essage of N b i t s  i s  t r a n s m i t t e d  M tim e s  a t  
i n t e r v a l s  s e p a r a te d  by more th a n  th e  a tm o sp h e ric  c o h e re n c e  t im e , th e
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p r o b a b i l i t y  t h a t  a l l  M r e p e t i t i o n s  a r e  r e c e iv e d  w ith  one o r  more b i t s  
i n  e r r o r  i s  such  t h a t : -
Pg (M ) = PgM
w here i s  th e  e r r o r  p r o b a b i l i t y  f o r  a  s in g l e  m essage t r a n s m is s io n  
( i e  when M = 1 ) .
T h is  te c h n iq u e  i s ,  of c o u rs e , n o t p a r t i c u l a r  to  o p t i c a l  com m unication  
sy stem s b u t can  be of v a lu e  i n  c e r t a i n  a p p l i c a t i o n s ,  p a r t i c u l a r l y  
th o s e  w here h ig h  system  i n t e g r i t y  and dem anding pe rfo rm an ce  i s  
r e q u i r e d  eg m i l i t a r y  sy s te m s.
I n  a d d i t io n  o r  a s  an a l t e r n a t i v e  to  m essage r e p e t i t i o n  t h e r e  a r e  
v a r io u s  e r r o r - c o r r e c t i n g  codes [4 .5 0 ] w hich  can  be u sed  i n  o rd e r  to  
overcom e th e  p roblem s of p oo r o r  te m p o ra r i ly  deg rad ed  e r r o r  r a t e  
p e rfo rm a n c e  o c c u r in g  as a  d i r e c t  r e s u l t  of tu rb u le n c e  in d u ced  
s c i n t i l l a t i o n .
4 .7  CONCLUSIONS
T here  have been  v a r io u s  t h e o r i e s  p roduced  to  e ^ l a i n  and q u a n t i f y  th e  
s a t u r a t i o n  e f f e c t  b u t none have been  c o m p le te ly  s u c c e s s f u l  and n o t f o r  th e  
w ant of u s in g  some e x c e e d in g ly  com plex m a th e m a tic a l p ro c e d u re s . I t  h a s  to  
be  conc luded  t h e r e f o r e  t h a t  f o r  a tm o sp h e ric  o p t i c a l  com m unication  system s 
th e  t h e o r i e s  h i t h e r t o  d e r iv e d  a r e  on ly  r e a l l y  a c c u r a te  f o r  s h o r t  p a th  
l e n g th s  a n d /o r  low l e v e l s  of tu r b u le n c e .  F u r th e r  r e s e a rc h  i s  c l e a r l y  
r e q u i r e d  f o r  a f u l l e r  u n d e rs ta n d in g  of th e  p h y s ic a l  p ro c e s s e s  in v o lv e d  f o r  
sy stem s h av in g  lo n g  p a th  le n g th s  a n d /o r  h ig h  l e v e l s  of tu r b u le n c e .
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CHAPTER 5





THE ATMOSPHERIC REFRACTIVE INDEX STRUCTURE PARAMETER, C^^
5 .1  INTRODUCTION
T h is  c h a p te r  in t r o d u c e s  and d i s c u s s e s  th e  c o n cep t o f th e  a tm o sp h e ric
2r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r , d e s ig n a te d  C^ , w hich p ro v id e s  a
2m easure  of th e  m agn itude  of a tm o sp h e ric  tu rb u le n c e .  R e s u l ts  o f C^
m easurem ents o b ta in e d  by o th e r  w orkers a r e  p r e s e n te d  and d is c u s s e d .
2
M ethods of m easurem ent o f C^ a r e  com pared and th e  optimum te c h n iq u e  
f o r  u s e  i n  th e  p r a c t i c a l  p a r t  of t h i s  r e s e a rc h  i s  deduced .
2
The r e f r a c t i v e  in d ex  o f a i r  a t  o p t i c a l  f re q u e n c ie s  i s  g iv e n  by [ 5 . 1 ] : -
-3
5 .2  MATHEMATICAL FORMULATION FOR C^
1 + 7 .5 2  X  10
X  10” ^ ( 5 .1 )n = 1 + 7 7 .6P
T *-
w here P i s  th e  a tm o sp h e ric  p r e s s u r e  i n  m i l l i b a r s  
T i s  th e  te m p e ra tu re  i n  d e g re e s  K e lv in  
X i s  th e  w a v e len g th  of i n t e r e s t  i n  m ic ro m e tre s  (m ic ro n s)
At s e a  l e v e l  n = 1 .0003 t y p i c a l l y .  I t  sh o u ld  be n o te d  t h a t  e q u a t io n  ( 5 .1 )  
above does n o t in c lu d e  a term  w hich in t r o d u c e s  th e  e f f e c t  of w a te r  vapou r 
p r e s s u r e  b u t on la n d  t h i s  term  can  be n e g le c te d  s in c e  i t  c o n t r ib u te s  
s i g n i f i c a n t l y  l e s s  th a n  1% t o  th e  r e s u l t .  More p r e c i s e  fo rm u la e  w hich 
in c lu d e  th e  w a te r  vapour term  a r e  g iv e n  by Owens [5 .2 ]  .
The tu rb u le n c e  in d u ced  r e f r a c t i v e  in d e x  v a r i a t i o n s  o f i n t e r e s t  o ccu r 
p r i n c i p a l l y  as a r e s u l t  of n a t u r a l l y  o c c u r r in g  random f l u c t u a t i o n s  i n  wind 
v e l o c i t y .  The l a t t e r  can  be a g g ra v a te d  by man made s o u rc e s  o f h e a t  such  as 
b u i ld in g  v e n t i l a t i o n  o u t l e t s  e t c  w hich can  be p a r t i c u l a r l y  tro u b le so m e  i f  
an  o p t i c a l  l i n e  of s ig h t  l in k  p a s s e s  d i r e c t l y  o v e r such  an o u t l e t .  The
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th e o ry  of tu rb u le n c e  i s  co v ered  e x te n s iv e ly  i n  th e  l i t e r a t u r e  [5 .3 -5 .6 ]  and
h a s  a ls o  been  a d d re s se d  i n  C h ap te rs  2 and 4 o f t h i s  t h e s i s .
I n  tu rb u le n c e  th e o ry  th e  term  ’ s t r u c t u r e ’ i s  u sed  to  d e s c r ib e  d im e n s io n le s s  
p r o p e r t i e s  of th e  tu rb u le n c e ,  such  as sp ec tru m  o r  c o r r e l a t i o n  sh a p es  o r 
r a t i o s  o f s t r e s s  com ponents [ 5 .6 ] .
M ost o p t i c a l  phenomena depend on d i f f e r e n t i a l  r a t h e r  th a n  a b s o lu te  p a th  
l e n g th s  and hence  th e  s t a t i s t i c s  of random in d ex  f lu c t u a t io n s  and o f random 
w a v e fro n ts  can  be g iv e n  i n  term s of s t r u c t u r e  f u n c t io n s .  The s t r u c t u r e  
f u n c t io n ,  D g ( r ) ,  f o r  an  a r b i t r a r y  s p a t i a l l y  d i s t r i b u t e d  random v a r i a b l e  
R ( r ) ,  can  be d e f in e d  a s : -
DgCr) = < [R (rp  -  R (r2 ) ] ^ >  ( 5 .2 )
w here r  = rj^ -  r£  = a v e c to r  q u a n t i ty
< > = r e p r e s e n t s  an ensem ble a v e rag e
I f  th e  random p ro c e s s  g e n e ra t in g  R i s  i s o t r o p i c ,  th e n  D%(r) i s  a  f u n c t io n  
o n ly  of r  = | r | .  Thus, f o r  i n s t a n c e ,  th e  s t r u c t u r e  f u n c t io n  f o r
te m p e ra tu re  f u n c t io n s  may be r e p r e s e n te d  a s  D ^(r) = ( t j ^ - t ^ y  •
Kolmogorov [5 .7 ]  p ro p o sed  a  m a th e m a tic a l m odel f o r  f l u i d  v e lo c i ty  
tu rb u le n c e  w hich was d is c u s s e d  in  C h ap te r 4 .  I t  w i l l  be r e c a l l e d  t h a t  th e  
fu n d am e n ta l f e a tu r e  o f t h i s  m odel was th e  h y p o th e s is  t h a t  th e  k i n e t i c  
e n e rg y  a s s o c ia te d  w ith  th e  l a r g e r  t u r b u le n t  e d d ie s  i s  r e d i s t r i b u t e d ,  
w ith o u t  l o s s ,  to  s u c c e s s iv e ly  s m a l le r  and s m a l le r  e d d ie s ,  u n t i l  f i n a l l y  
d i s s i p a t e d  by v i s c o s i ty  ( s e e  F ig u re . 4 .1 ) .
I n  th e  open a tm osphere  s o l a r  h e a t in g  g e n e ra te s  a tm o sp h e ric  k i n e t i c  e n e rg y  
o v e r  s c a le  s iz e s  (L^) t h a t  e x te n d  from  a few to  many m e tre s . K in e t ic  
e n e rg y  le a v e s  th e  a i r  by f r i c t i o n a l  g e n e ra t io n  of h e a t  o v e r s c a l e s ,  1^, 
w hich a r e  g e n e ra l ly  l e s s  th a n  a few m i l l im e t r e s  in  s iz e  a t  th e  e a r t h ’ s
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s u r f a c e .  The in te r v e n in g  ran g e  i s  c a l l e d  th e  i n e r t i a l  s u b -ra n g e , and 
t y p i c a l l y  ran g es  from  a few m i l l im e t r e s  to  a few m e tre s .
Kolmogorov su g g e s te d  t h a t  f o r  m ost p r a c t i c a l  a p p l i c a t i o n s  o v e r  t h i s  
s u b - r a n g e , where 1^ << r  « L ^ ,  th e  s t r u c t u r e  f u n c t io n  f o r  te m p e ra tu re  
f l u c t u a t i o n s  D ^(r) obeys a tw o - th i rd s  power law [5 .7 ]  such  t h a t : -
D j ( r )  = ( 5 .3 )
2
w here Gj, = te m p e ra tu re  s t r u c t u r e  p a ra m e te r  
R e -a rra n g in g  e x p re s s io n  ( 5 .3 )  g iv e s :
2 D'p(r) (t^ —12)
( 5 . 4 )
For th e  c a se  w here r  « 1 ^ ,  D ^(r) v a r i e s  as  r ^ .
The Kolmogorov s u g g e s t io n  t h a t  e q u a tio n  ( 5 .3 )  i s  v a l id  has  been  su p p o rte d  
by e x p e r im e n ta l  e v id e n c e  from  Myrop [5 .9 ]  and K aim al e t  a l  [ 5 .1 0 ] .
E q u a tio n  ( 5 .3 )  i s  th e  b a s i s  f o r  th e  m o d e llin g  of o p t i c a l  p r o p a g a t io n  
th ro u g h  th e  t u r b u le n t  a tm o sp h e re , b u t f o r  i t  to  be r e a l l y  u s e f u l  i t  s t i l l  
n eeds to  be r e l a t e d  to  th e  r e f r a c t i v e  in d e x  o f th e  a tm o sp h e re .
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The Kolmogorov th e o ry  p r e d i c t s  t h a t ,  s in c e  Gp and a r e  o f th e  
same fo rm , th e  two—t h i r d s  power law  may a ls o  be a p p lie d  to  th e  s t r u c t u r e  
f u n c t io n  o f th e  r e f r a c t i v e  in d e x , D^, [ 5 . 7 ] .  Hence by a n a lo g y  i t  may be 
s t a t e d  t h a t : -
D n(r) = ( 5 .5 )
2
w here = r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r , th e  d im en sio n s  o f 
w hich a r e  ( le n g th )  " 2 /3  (fj-om e q u a tio n  5 .5 ) .
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The n e x t s te p  i s  to  r e l a t e  e q u a tio n  ( 5 .5 )  t o  th e  r e f r a c t i v e  in d ex  o f th e  
a tm o sp h e re . E q u a tio n  ( 5 .1 )  g iv e s  th e  r e f r a c t i v e  in d ex  of th e  a tm o sp h e re , 
n , i n  term s of te m p e ra tu re , T, and p r e s s u r e ,  P.
The s t r u c t u r e  f u n c t io n  f o r  n can  be d e te rm in e d  by d i f f e r e n t i a t i n g  
e q u a t io n  ( 5 .1 )  w i th  r e s p e c t  to  T such  t h a t  [ 5 .3 1 ] ;
6n - 7 7 .6P
6T t2
1 + 0 .00753
X 10—6 ( 5 .6 )
I t  fo llo w s  from  e q u a tio n  ( 5 .6 )  t h a t :
7 7 .6P
T i
and i n  p a r t i c u l a r :
ri2 1 + 0 .00753
(7 9 .0 6 P )1 0
~ l 2 ~ '
—6
X 10"12 c^2
f o r  X = 0 .6 3 3  un





(7 8 .3 2 P )1 0 "6
L t2
f o r  X = 0 . 9  un (5 .9 )
2
U sing th e  e x p re s s io n  f o r  Gp i n  e x p re s s io n  ( 5 .4 )  and i n s e r t i n g  in  
e q u a t io n  (5 .9 )  we o b ta in  f o r  w a v e len g th s  o f t y p i c a l  system  o p e r a t io n  o f 
0 .9  ym:
-  2  ?
( t i - t p )
(5 .1 0 )2 _
(7 8 .3 2 P )1 0 "6
m2 ■ ~ 2 /3  ’
U sing e q u a tio n  (5 .1 0 )  v a lu e s  f o r  may be c a lc u la te d  from  m easured  
v a lu e s  of P and T and knowing th e  te m p e ra tu re  s t r u c t u r e  p a ra m e te r  Gp‘
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Figure 5.1 I Plot of the behaviour of the refractive index structure 
parameter for a 24 hour period on a clear sunny day 
(from ref 5.11)
2T ech n iq u es f o r  m easu rin g  C.^  a r e  c o n s id e re d  in  S e c tio n  5 .4 .  I t  
sh o u ld  be n o te d  t h a t  has  th e  d im ensions
The fo re g o in g  a n a ly s i s  has in d ic a te d  t h a t  th e  r e f r a c t i v e  in d ex  f l u c t u a t io n s  
due to  tu rb u le n c e ,  have th e  same s t a t i s t i c a l  p r o p e r t i e s  ( i e  have th e  same
s t r u c t u r e  f u n c t io n  law ) as v e lo c i ty  tu rb u le n c e .  In  p a r t i c u l a r  i t  h a s  been
n o te d  t h a t  v a r i a t i o n s  i n  th e  r e f r a c t i v e  in d ex  of th e  a tm o sp h e re  a r e  cau sed  
p re d o m in a n tly  by v a r i a t i o n s  i n  te m p e ra tu re .
5 .3  EXPERIMENTAL ARRANGEMENTS AND PUBLISHED MEASURED DATA
2
C l i f f o r d  [5 .1 1 ] h a s  p u b lis h e d  d e t a i l s  r e g a rd in g  th e  b e h a v io u r  of as
a f u n c t io n  of a l t i t u d e  and tim e of day , and a t y p i c a l  p l o t  f o r  a  c l e a r
sunny day i s  g iv e n  in  F ig u re  5 .1 .  [ N ote: For a  r e a s o n  w hich i s  n o t
p a r t i c u l a r l y  c l e a r  to  th e  a u th o r ,  C l i f f o r d  has  p r e s e n te d  h i s  r e s u l t s
2
show ing C^ r a t h e r  th a n  C^ . The p r i n c i p l e s  and a s s o c ia te d  comments 
a r e  s t i l l  v a l i d  how ever.] T h is  p l o t  was o b ta in e d  a t  a  h e ig h t  o f 2 m above 
th e  ground and m easured  n e a r  th e  N a t io n a l  Bureau of S ta n d a rd s , B o u ld e r, 
C o lo rad o , USA.
The m easurem ents w ere made u s in g  two f in e - w i r e  therm om eters  as  d e s c r ib e d  by 
Law rence [5 .1 2 ] and th e n  com puting th e  v a lu e  of C^^ by d iv id in g  th e  
mean sq u a re  te m p e ra tu re  d i f f e r e n c e  of th e  two therm om eters  by th e  
th erm o m ete r sp a c in g  to  th e  tw o - th i rd s  pow er. C^ was th e n  o b ta in e d  
u s in g  e q u a tio n  ( 5 .1 0 ) .
From F ig u re  5 .1  i t  can  be se e n  t h a t  t h e r e  i s  a  d i s t i n c t  d iu r n a l  v a r i a t i o n
w hich i s  t y p ic a l  f o r  m easurem ents made a t  h e ig h ts  o f up to  a b o u t 100 m
2
above th e  g round . The g e n e ra l  l e v e l  o f C^ and th e  m agn itude  o f i t s
f l u c t u a t i o n s  i s  low a t  n ig h t- t im e  b u t as  th e  sun r i s e s  and s o l a r  h e a t in g  o f
th e  ground commences, a i r  c o n v e c tio n  c u r r e n ts  o ccu r w hich r e s u l t  i n  a
2
g ra d u a l  in c r e a s e  i n  th e  v a lu e  of C^ , and i n  th e  m agn itude  o f th e
2




-  —  2.2 m/s
3.5 m/s
0.5 -
1000600 8000 200 400
f(H z )
Figure 5.2 Normalised frequency spectrum of optical Intensity 
and hence Cn  ^fluctuation for different wind speeds
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Figure 5.3 Variation of Cn' with altitude (after ref 5.15)
C l i f f o r d  [5 .1 1 ] h as  e x p la in e d  th e  e f f e c t  as fo llo w s :  th e  s u n 's  ra y s  warm th e  
s u r f a c e  of th e  e a r t h  w hich in  tu r n  warms th e  l a y e r  of a i r  a d ja c e n t  to  th e  
e a r t h .  I f  a i r  p a r c e ls  from  th e  l a y e r  become d is p la c e d  upw ards, th ey  f in d  
th e m se lv e s  warmer and hence  l e s s  d en se  and more buoyan t th a n  th e  am bien t 
a i r .  They th e r e f o r e  c o n tin u e  to  a c c e l e r a t e  upw ards and i t  i s  th e  m ix ing  o f 
th e  r i s i n g  h o t a i r  p a r c e ls  w ith  c o o l d e sce n d in g  a i r  w hich p ro d u ces  th e  
o b se rv e d  te m p e ra tu re  d i f f e r e n c e s .  C l i f f o r d  r e p o r t s  t y p i c a l  v a lu e s  of 
f o r  a sunny day as  b e in g  i n  th e  ran g e  10” ^^ to  lOT^^m^^/^ w ith  th e  
s m a l le r  ( f i r s t )  v a lu e  r e p r e s e n t in g  weak tu rb u le n c e  and th e  o th e r  ex trem e 
r e p r e s e n t in g  s e v e re  tu rb u le n c e .
2I t  i s  i n t e r e s t i n g  to  n o te  i n  F ig u re  5 .1  t h a t  th e  sh a rp  d ip s  i n  C^
o c c u r r in g  betw een  1400 and 1600 h r s  a r e  due to  i n t e r m i t t e n t  c lo u d  c o v e r
w hich  caused  th e  ground to  c o o l r a p id ly  and c o n v e c tio n  to  be red u ced
2
r e s u l t i n g  i n  somewhat low er v a lu e s  o f C^ b e in g  m easu red .
2
The C^ f lu c t u a t io n s  f o r  d i f f e r e n t  wind speeds have been  r e p o r te d  by
T a t a r s k i i  [5 .1 2 ] and F ig u re  5 .2  shows th e  m easured r e s u l t s  f o r  th e
n o rm a lis e d  f re q u e n c y  sp ec tru m  of r e c e iv e d  o p t i c a l  i n t e n s i t y  w hich
2
c o rre sp o n d s  to  th e  C^ f lu c t u a t io n s  f o r  wind speeds of up to  3 .5  m /s .
2
I t  h as  been  found t h a t  C^ v a r i e s  w ith  a l t i t u d e  above th e  g round  and 
v a r io u s  m easurem ents have been  made by means of tow er m ounted s e n s o r s
[ 5 .1 4 ] ,  a i r c r a f t  m ounted s e n s o rs  [5 .1 3 ,  5 .1 5 ] and b a l lo o n  b o rn e  s e n s o r s
[ 5 .1 4 ] .
Oochs and Law rence [5 .1 5 ] i n  p a r t i c u l a r  have shown th e  c o m p lic a te d  
2
b e h a v io u r  of w ith  in c r e a s e  i n  a l t i t u d e  and t y p i c a l  r e s u l t s  w hich 
th e y  o b ta in e d  a re  shown i n  F ig u re  5 .3 ,  from  which i t  can  be s e e n  t h a t
th e  v a r i a t i o n s  a re  somewhat random b u t w ith  a g e n e r a l ly  d e c re a s in g  mean 
2
v a lu e  of w ith  h e ig h t .  N eff [5 .1 4 ] h a s  p ro p o sed  t h a t  th e  mean
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Figure 5.4 Variation of the log-amplitude standard deviation a 
for each of 4 path lengths and the corresponding 
refractive index structure parameter Cn measured at 
Boulder USA over a 24 hour period (from ref 5:11)
and t h i s  has been  s u p p o rte d  by d a ta  o b ta in e d  by F r is c h  and Oochs [ 5 .1 6 ] .  
T h is  r e d u c t io n  i n  mean v a lu e  w ith  h e ig h t  can  be a c co u n te d  f o r  by th e  
red u c e d  e f f e c t  of c o n v e c tio n  as  th e  h e ig h t  above ground i s  in c r e a s e d ,  
and hence  a c o rre sp o n d in g  r e d u c t io n  i n  t u r b u le n t  e f f e c t s .  A more 
d e t a i l e d  rev iew  of t h i s  p a r t i c u l a r  a s p e c t  i s  g iv e n  by C l i f f o r d  [ 5 .1 1 ] .
C l i f f o r d  [5 .1 1 ] h a s  a ls o  p u b lis h e d  r e s u l t s  w hich c l e a r l y  show th e  
s a t u r a t i o n  e f f e c t  as  i n  F ig u re  5 .4 .  The r e s u l t s  show th e  f l a t t e n i n g  o f th e
peak  l e v e l s  of lo g  a m p litu d e  s ta n d a rd  d e v ia t io n  a s  th e  p a th  le n g th
2
in c r e a s e s  d e s p i t e  a c o n tin u e d  in c r e a s e  i n  C^ .
5 .4  TECHNIQUES FOR MEASUREMENT OF C^^
5 .4 .1  G en era l
I n  any p r a c t i c a l  s tu d i e s  o f tu rb u le n c e  i n  th e  a tm o sp h ere  i t  i s
n e c e s s a ry  to  c o n s id e r  and to  m easure  th e  a tm o sp h e r ic  r e f r a c t i v e  in d e x
2
s t r u c t u r e  p a ra m e te r  known as C^ . As has a lr e a d y  been  d is c u s s e d  
2
C^ i s  th e  m ost im p o r ta n t  s in g l e  p a ra m e te r  i n  c o n s id e r in g
a tm o s p h e r ic  tu rb u le n c e  and i s  a  d i r e c t  m easure  of th e  m agn itude  of
su ch  tu rb u le n c e .  The s tu d y  o f tu rb u le n c e  i n  g e n e r a l ,  and
tu rb u le n c e  i n  th e  a tm osphere  i n  p a r t i c u l a r ,  te n d s  to  be a  r a t h e r
e s o t e r i c  s u b je c t .  As a r e s u l t  th e  number of r e s e a r c h e r s  around  th e
w o rld  who have a c tu a l l y  m easured  C^ i s  e x c e e d in g ly  s m a l l .  As a
consequence  i t  i s  p e rh a p s  n o t s u r p r i s i n g  t h a t  t h e r e  i s  n o t a  g e n e r a l ly
2a g re e d  te c h n iq u e  f o r  m easu rin g  . T hree  a p p ro a c h e s  a r e  
c o n s id e re d  in  t h i s  t h e s i s  b ased  o n : -
i  th e  u se  o f m ic ro th e rm o m ete rs ;
i i  m easurem ent of th e  amount of s c i n t i l l a t i o n  a t  th e  r e c e iv e r ;
2i i i  d e d u c tio n  of from  th e  amount of beam w ander and 
s p re a d in g .
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I n  each  c a se  th e  t h e o r e t i c a l  b a s i s  and th e  p r a c t i c a l  d e s ig n  
im p l ic a t io n s  a re  c o n s id e re d .
5 .4 .2  M icro therm om eter A pproach
5 .4 .2 .1  G en era l
T u rb u le n c e  i n  th e  a tm o sp h ere  i s  due to  v a r i a t i o n s  i n  te m p e ra tu re
betw een  a d ja c e n t  'v o lu m e s ' o f a i r ,  w here th e s e  'v o lu m e s ' can  be
i n  th e  o rd e r  of 1^ (known a s  th e  in n e r  s c a le  of tu r b u le n c e ) ,
w here 1^ «  ( XL)^. Thus f o r  X = lO” ^ m and L = 1000 m th e n
1q «  32 mm. T hese s m a ll te m p e ra tu re  d i f f e r e n c e s  a r e
c h a r a c te r i s e d  by th e  a tm o sp h e r ic  te m p e ra tu re  s t r u c t u r e  p a ra m e te r ,  
2
» w hich can  be f a i r l y  r e a d i ly  m easured  u s in g  two s m a ll  
te m p e ra tu re  p ro b es  h av in g  a f a s t  re s p o n s e  tim e sp aced  such  t h a t  
t h e  s p a c in g , d , i s  g iv e n  by 1^ < d < ( 1 ^  and b e in g  
th e  in n e r  and o u te r  s c a le s  of tu rb u le n c e  r e s p e c t i v e ly .  N ote t h a t
Lq i s  t y p i c a l l y  of th e  o r d e r  o f 1 m o r  m o re .) .  The r e f r a c t i v e
2 2 in d e x  s t r u c t u r e  p a ra m e te r  i s  a  d i r e c t  f u n c t io n  o f ,
w hich i s  g iv e n  by th e  mean of th e  sq u a re  o f th e  d i f f e r e n c e  i n
te m p e ra tu re  m easured  by th e  s e n s o r s ,  d iv id e d  by th e  s e n s o r
sp a c in g  to  th e  2 /3  pow er. Thus th e  v a lu e  of can  be
r e a d i ly  e s t a b l i s h e d  ( s e e  e q u a tio n  5 .7 ) .
5 .4 .2 .2  Theory
2I n  S e c tio n  5 .2  an  e x p re s s io n  f o r  was d e r iv e d  i n  te rm s of 
th e  te m p e ra tu re  d i f f e r e n c e  betw een  two s e n s o rs  sp a ce d  a  d i s t a n c e  
d a p a r t .  The e x p re s s io n  a p p l i c a b le  f o r  w a v e len g th s  o f 900 nm, 
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Figure! 5.5 Block schematic of temperature sensor arrangement
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w here P = mean a tm o sp h e r ic  p r e s s u r e  i n  m i l l i b a r s
T = mean a tm o sp h e r ic  te m p e ra tu re  i n  d e g re e s  K e lv in
t^  -  t 2 = te m p e ra tu re  d i f f e r e n c e  betw een  te m p e ra tu re
s e n s o r s  1 and 2
d = s e p a r a t i o n  o f te m p e ra tu re  s e n s o rs  1 and 2
5 .4 ,2 .3  P r a c t i c a l  D esign  C o n s id e ra t io n s
5 .4 .2 .3 .1  G en e ra l
The th e o ry  in  P a ra g ra p h  5 .4 .2 .2  above i n d i c a t e s  t h a t  th e  
te m p e ra tu re s  a t  two p o in t s  spaced  d mm a p a r t  m ust be s e n s e d . 
The d i f f e r e n c e  te m p e ra tu re  m ust th e n  be o b ta in e d  and th e
mean sq u a re  v a lu e  d e te rm in e d . A m easu re  o f th e  v a lu e  of
2 2 i s  th u s  o b ta in e d ;  th e  p r e c i s e  v a lu e  of i s
deduced  knowing th e  v a lu e s  f o r  mean p r e s s u r e ,  mean
te m p e ra tu re ,  w av e len g th  of i n t e r e s t  and th e  s p a c in g  o f th e
two te m p e ra tu re  p ro b e s . A b lo ck  d iagram  o f an  a rra n g e m e n t
i s  g iv e n  i n  F ig u re  5 .5 .
5 .4 .2 .3 .2  T em pera tu re  S en so rs
The te m p e ra tu re  d i f f e r e n c e  to  be m easured  i s  o f th e  o r d e r  of 
0 .0 0 2  to  2°K [5 .1 7 ] and th e  f l u c t u a t io n s  may be a t  a  r a t e  of 
up  to  1000 Hz. I t  fo llo w s  t h e r e f o r e  t h a t  th e  te m p e ra tu re  
p ro b e s  m ust d e s i r a b l y : -
a . be h ig h ly  s e n s i t i v e  -  b e in g  c a p a b le  o f s e n s in g  
d i f f e r e n c e s  of as  l i t t l e  as  0 .002°K ;
b . have a  f a s t  re s p o n s e  tim e -  t h a t  i s  d e s i r a b ly  l e s s  
th a n  1 ms;
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c . be no g r e a t e r  i n  s iz e  th a n  th e  in n e r  s c a l e  of 
tu rb u le n c e  1^ , i e  < c .3 0  ram.
The p o s s i b i l i t i e s  a r e : -
i  F in e  W ire T em pera tu re  P ro b es  
The m ost s u i t a b l e  m a te r i a l  f o r  u s e  a s  f i n e  w ire  
te m p e ra tu re  p ro b es  i s  p la tin u m  b e c a u se  o f i t s  h ig h  
s t a b i l i t y  and p u r i t y  [ 5 .1 8 ] .  I t  a ls o  h a s  a  h ig h ly  
l i n e a r  r e s i s t a n c e  te m p e ra tu re  c o e f f i c i e n t .
I n  o rd e r  t h a t  a c c u r a te  m easurem ents o f th e  te m p e ra tu re  
o f  a  g iv e n  ’vo lum e’ of a i r  can  be made, th e  p ro b e  needs 
t o  be th e  same s iz e  o r  p r e f e r a b ly  s m a l le r  th a n  th e  
d ia m e te r  o f th e  s a id  volum e. The d ia m e te r  o f c o n c e rn  
i s  th e  i n n e r  s c a l e  of tu rb u le n c e  1^ w hich  f o r  
X = 10 ^ m and L = 1000 m i s  a p p ro x im a te ly  32 mm.
Thus th e  le n g th  o f th e  s e n s i t i v e  p a r t  o f th e  p ro b e  m ust 
be  <32 mm.
F or a  w ire  to  have a re s p o n s e  tim e of 2 ms o r  b e t t e r  i t  
sh o u ld  have a  d ia m e te r ,  d^ , o f l e s s  th a n  t y p i c a l l y  
0 .0 2  mm ( s e e  Appendix 3 ) .
Hence th e  need  i s  f o r  a  p la tin u m  w ire  no g r e a t e r  
th a n  0 .0 2 0  mm i n  d ia m e te r  and < 32 mm i n  l e n g th .
Such w ire  i s  n o t r e a d i ly  o b ta in a b le  b u t  i t  c an  be 
p ro d u ced  by u s in g  ’W o o las to n ’ w ir e ,  w hich i s  
p la t in u m  w ire  c o a te d  w ith  s i l v e r .  The l a t t e r  can  be 
e tc h e d  away u s in g  d i l u t e  n i t r i c  a c id  t o  r e v e a l  th e  
r e q u i r e d  le n g th  and d ia m e te r  of p la t in u m . The 
s i l v e r  e i t h e r  s id e  of th e  exposed  p la t in u m  p ro v id e s
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a u s e f u l  means o f te r m in a t in g  w hat would o th e rw is e  
be an  e x tre m e ly  d e l i c a t e  and f i n e  w ire .
An a l t e r n a t i v e  y e t  h ig h ly  p r a c t i c a l  m ethod i s  th e  u se  
o f  l i g h t  b u lb  f i l a m e n ts .  F or in s ta n c e  a m in ia tu r e  
C h ris tm as  t r e e  l i g h t  b u lb  w ith  i t s  g l a s s  b u lb  rem oved, 
y i e l d s  a  tu n g s te n  f i la m e n t  o f t y p i c a l l y  0 .0 5  mm i n  
d ia m e te r  and up to  ab o u t 5 mm i n  le n g th .  W h ils t  th e s e  
d im e n s io n s  a re  l e s s  th a n  p e r f e c t  th e  te c h n iq u e  p r e s e n t s  
a  h ig h ly  p r a c t i c a l  ap p roach  to  th e  p ro b lem . K eeping 
t h e  f i l a m e n ts  i n  th e  l i g h t  b u lb  b a s e , b u t w ith o u t  th e  
g l a s s ,  g r e a t ly  f a c i l i t a t e s  th e  p ro b e  m ounting  p rob lem  
w hich , w ith  o th e r  a p p ro a c h e s , i s  c e r t a i n l y  n o n - t r i v i a l .  
However, t h i s  a l t e r n a t i v e  ap p roach  does have th e  m ajo r 
draw back t h a t  f a s t  te m p e ra tu re  v a r i a t i o n s  w i l l  n o t  be 
d e te c te d .
i i  Therm ocouples
T herm ocouples a re  a d i s t i n c t  p o s s i b i l i t y  f o r  u s e  as  
te m p e ra tu re  d i f f e r e n c e  s e n s o rs  i n  t h i s  a p p l i c a t i o n  
due to  t h e i r  in h e r e n t  r e l a t i v e  m easurem ent 
c a p a b i l i t y .
The u se  o f a  r e f e r e n c e  and a s e n s o r  j u n c t io n  sp aced  
a p a r t  by an a p p r o p r ia t e  amount g iv e s  a  d i r e c t  
i n d i c a t i o n  of th e  te m p e ra tu re  d i f f e r e n t i a l  be tw een  th e  
s e n s o r s .  Therm ocouples have s e n s i t i v i t i e s  o f th e  o r d e r  
o f  50 m ic ro v o lts /° C  o r  s o , w hich means t h a t  c a r e f u l  
d e s ig n  of su b se q u e n t v o l ta g e  a m p l i f i e r s  i s  v e ry  
n e c e s s a ry  i n  o rd e r  to  av o id  th e rm a l n o i s e ,  and e x t e r n a l  
and  m ains i n t e r f e r e n c e  p ro b lem s.
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The o n ly  r e a l  draw back o f th erm o co u p les  i s  t h e i r
re s p o n s e  tim e  of up to  1-2 se c o n d s . T h is  i s  somewhat
lo n g e r  th a n  i s  r e a l l y  d e s i r e d  f o r  r e a l l y  p r e c i s e  and 
2
v e r s a t i l e  m easu rem en ts, a lth o u g h  n o t t o t a l l y  
u n a c c e p ta b le .
i i i  T h e rm is to rs
T h e rm is to rs  make good te m p e ra tu re  s e n s o rs  i n  p r i n c i p l e  
h a v in g  a s  th ey  do a good te m p e ra tu re  s e n s i t i v i t y  
( t y p i c a l l y  100 ohms/®C). M oreover th ey  a re  r e l a t i v e l y  
s im p le  to  u se  and a r e  h ig h ly  a c c u r a te .
U n fo r tu n a te ly  owing to  t h e i r  p h y s ic a l  s t r u c t u r e  th e y  
have a r a t h e r  lo n g  tim e c o n s ta n t  o f n o t l e s s  th a n  
5 seconds and th e y  s u f f e r  from  s e l f - h e a t i n g  e f f e c t s ,  
w hich can  g iv e  r i s e  to  s i g n i f i c a n t  e rro n e o u s  r e s u l t s  
e s p e c i a l l y  when te m p e ra tu re s  o f l e s s  th a n  1°C a re  to  be 
m easu red .
iv  I n te g r a t e d  C i r c u i t  Bandgap T em pera tu re  S e n so rs
T hese d e v ic e s  a r e  n o t g e n e r a l ly  s u f f i c i e n t l y  s e n s i t i v e
2
f o r  th e  sm a ll te m p e ra tu re s  to  be m easured  i n  0^  ^
m easurem ents and th e y  n o rm a lly  have a r e s p o n s e  tim e  of 
5 seconds o r  m ore, w hich c o m p le te ly  r u le s  them o u t f o r  
t h i s  a p p l i c a t i o n .
V  Q uartz  C r y s ta l  T em pera tu re  S en so rs  
T hese d e v ic e s  a r e  e x c e e d in g ly  a c c u r a te  t o  0.0001®C and 
c l e a r l y  would be h ig h ly  d e s i r a b le  f o r  u s e  i n  t h i s  
a p p l i c a t i o n .  R e g r e t ta b ly  owing to  th e  r e l a t i v e l y  l a r g e  
m ass of th e  q u a r tz  c r y s t a l  s e n s o rs  u s e d , th e  re s p o n s e
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tim e  i s  of th e  o rd e r  o f 9s [ 5 .1 9 ] ,  w hich makes them 
2u n s u i t a b le  f o r  m easu rem en ts.
I t  fo llo w s  from  th e  fo re g o in g  t h a t  th e  r e a l l y  im p o r ta n t
2te m p e ra tu re  s e n s o r  p a ra m e te rs  f o r  m easurem ents a r e : -
-  h ig h  a c c u ra c y , i e  a c c u r a te  to  b e t t e r  th a n  0 .01°C ;
-  f a s t  re s p o n s e  t im e , i e  much l e s s  th a n  I s .
A ppendix 2 com pares th e  common ty p e s  o f te m p e ra tu re  s e n s o r  
and th ey  a r e  sum m arised i n  T ab le  A2.2 o f  A ppendix 2 .
A ppendix 3 g iv e s  some d a ta  on th e  u s e  of f i n e  w ire  s e n s o rs  
and r e q u i s i t e  e l e c t r o n i c s  and A ppendix 4 c o n s id e r s  a  d e s ig n  
u s in g  th e rm o c o u p le s . A l l  th e  s e n s o rs  can  be c o n s id e re d  to  
be  a d e q u a te ly  re s p o n s iv e  and a c c e p ta b ly  a c c u r a te .  However, 
o n ly  th e  w ire  r e s i s t a n c e  te c h n iq u e  h as  a  f u l l y  a c c e p ta b le  
re s p o n s e  t im e , and even  th e n  on ly  i f  th e  w ire  i s  no g r e a t e r  
th a n  a few m icrons i n  d ia m e te r .  U n f o r tu n a te ly ,  such  w ire  i s  
n o t  r e a d i ly  a v a i l a b l e  l a r g e ly  due to  la c k  o f demand b u t  a ls o  
b e c a u se  o f i t s  f r a g i l i t y .
I t  i s  con c lu d ed  t h a t ,  f o r  m ic ro th e rm o m e tr ic  m easu rem en ts of 
th e  ty p e  r e q u i r e d  in  t h i s  p r o j e c t ,  a lth o u g h  th e  u s e  of 
p la tin u m  w ire  r e s i s t a n c e  te m p e ra tu re  s e n s o r s  i s  th e  i d e a l  
o p t io n ,  a  p r a c t i c a l  a l t e r n a t i v e  i s  th e  th e rm o co u p le  ap p ro ach  
w hich i s  f a i r l y  r e a d i ly  im p lem en ted , a l b e i t  w i th  a  s l i g h t  
l o s s  of pe rfo rm an ce  i n  r e s p e c t  of m easured  re s p o n s e  tim e 
o f  th e  h ig h e r  f re q u e n c y  te m p e ra tu re  f l u c t u a t i o n s .  The 
s ig n i f i c a n c e  o f t h i s  i s  t h a t  th e  m easurem ent a c c u ra c y  i s  
d ep en d en t on th e  r a t e  o f te m p e ra tu re  f l u c t u a t i o n s  w hich 
i n  t r u t h  i s  a f u n c t io n  of th e  mean am bien t te m p e ra tu re  
and w ind v e lo c i ty .  Wind f lu c t u a t io n s  of th e  o r d e r  o f 500
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Hz and more have been  e x p e r ie n c e d  [ 5 .2 0 ] ,  b u t th e  
m agn itude  of th e s e  f l u c t u a t i o n s  i s  ab o u t one t e n th  of 
th o s e  m easured  i n  th e  ran g e  20-80  Hz. F ig u re  5 .2  shows 
t y p i c a l  fre q u e n c y  s p e c t r a  f o r  d i f f e r e n t  wind v e l o c i t i e s .
I n  view  of t h i s  d a ta  f a s t  a c t in g  th e rm o co u p le s  a re  
t h e r e f o r e  c o n s id e re d  to  be a d e q u a te  and th e  te c h n iq u e  i s  
th o u g h t to  be w e l l  w o rth  a d o p tin g  in  a d d i t io n  to  o r 
i n s t e a d  of th e  w ire  r e s i s t a n c e  ap p ro a c h .
D e ta i l s  c o n c e rn in g  th e  a c tu a l  m easurem ent o f th e  r e f r a c t i v e  
in d e x  s t r u c t u r e  p a ra m e te r  a s  p a r t  o f t h i s  p r o je c t  a r e  g iv e n  
i n  C h a p te r  7 and th e  a p p a ra tu s  a c tu a l l y  employed w hich 
u t i l i s e d  th e rm o co u p le s  in  th e  th e rm o m e tr ic  ap p ro ach  i s  
d e t a i l e d  i n  A ppendix 4 .
5 .4 .3  S c in t i l l o m e te r  A pproach
5 .4 .3 .1  G e n e ra l Theory
T h is  ap p roach  i s  b ased  on th e  m easurem ent of th e  r e c e iv e d  
s c i n t i l l a t i n g  o p t i c a l  s i g n a l .  The o p t i c a l  s ig n a l  i s  d e te c te d  and 
th e n  p ro c e s s e d  e l e c t r i c a l l y  i n  o r d e r  to  d e r iv e  th e  lo g  i r r a d i a n c e  
v a r i a n c e .  The l a t t e r  i s  r e l a t e d  to  th e  r e f r a c t i v e  in d e x  
s t r u c t u r e  p a ra m e te r  by th e  e m p i r ic a l ly  d e r iv e d  e x p r e s s io n : -
= 1 .24  (5 .1 2 )
T h is  e x p re s s io n  w hich was c o n s id e re d  in  C h a p te r  4 , was d e r iv e d
by T a t a r s k i i  [5 .2 1 ] a s  p a r t  of h i s  m assiv e  tome on th e  s u b je c t
o f  a tm o sp h e ric  tu rb u le n c e .  V a rio u s  w orkers in c lu d in g  D ow ling
e t  a l  [5 .2 2 ] and Ochs e t  a l  [5 .2 3 ] have o b ta in e d  r e s u l t s  w hich
have su p p o rte d  th e  v a l i d i t y  of e q u a tio n  (5 .1 2 )  p ro v id e d
t h a t  one does n o t e n te r  th e  s a t u r a t i o n  r e g io n , i e  th e  e x p re s s io n
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Figure 5.6 Scintillation equipment for Cn  ^measurement
A diagram  show ing th e  fu n d am en ta l m easu rin g  a rran g em en t i s  g iv e n  
i n  F ig u re  5 .6 .
T here  a r e  two v a r i a t i o n s  of t h i s  te c h n iq u e  d e f in e d  by th e  u se  
o f
a .  l a r g e  a p e r tu r e  r e c e iv e r s ;
b . s m a ll a p e r tu r e  r e c e iv e r s .
The m e r i ts  o f each  a re  d is c u s s e d  below .
One o th e r  ap p ro ach  w hich has  been  employed by W esely e t  a l  [5 .2 4 ] 
in v o lv e s  th e  a sse ssm e n t o f v i s u a l  r e s o l u t i o n .
j \
5 .4 .3 .2  P r a c t i c a l  T echn iques
2
5 .4 .3 ,2 .1  D e te rm in a tio n  o f u s in g  L arge  A p e r tu re  
R e c e iv e rs
Wang e t  a l  [5 .2 5 ] have p ro p o sed  a s in g l e  r e c e iv in g  a p e r tu r e  
s c i n t i l l o m e t e r  i n  w hich th e  e f f e c t i v e  d ia m e te r  o f th e  
r e c e iv e r  i s  such  t h a t
Dj^  »  ( ( 5 .1 3 )
Wang p roposed  an e m p i r ic a l ly  based  th e o ry  w hich in tro d u c e d  
t h e  e f f e c t i v e  le n s  d ia m e te r  i n to  e q u a tio n  (5 .1 2 )  r e s u l t i n g  
i n  E x p re ss io n  ( 5 .1 4 ) :
= 0 .9  (5 .1 4 )
R e -a rra n g in g  (5 .1 4 )  y i e l d s :
  T - (5 .1 5 )
0 .9  L^
F or a  g iv e n  r e c e iv e r  th e  v a lu e  o f e f f e c t i v e  d ia m e te r  o f th e  
r e c e iv e r  i s  f ix e d  and known, as i s  th e  p a th  le n g th  L. Thus
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m easurem ent o f th e  v a r ia n c e  o f th e  lo g  i r r a d ia n c e  o f th e
2r e c e iv e d  s ig n a l  e n a b le s  a  m easure  o f to  be o b ta in e d .
H i l l  e t  a l  [5 .2 6 ] have s u g g e s te d  t h a t  > 20 1 ^ , where
1q = in n e r  s c a le  of tu rb u le n c e ,  f o r  b e s t  r e s u l t s .
25 .4 .3 .2 .2  D e te rm in a tio n  of u s in g  Sm all A p e r tu re  
R e c e iv e rs
U sing  a s m a ll a p e r tu r e  r e c e iv e r  e n s u re s  t h a t  th e  e f f e c t s  of 
a p e r tu r e  a v e ra g in g  can  be ig n o re d  and , p ro v id e d  th e  system  
i s  o p e ra te d  a t  a  p o in t  b e n e a th  th e  s a t u r a t i o n  l e v e l  o f th e  
s c i n t i l l a t i n g  s ig n a l  th e n  th e  e x p re s s io n  i n  (5 .1 2 )  can  be 
d i r e c t l y  em ployed. R e-a rran g em en t o f e q u a tio n  (5 .1 2 )  
y i e l d s : -
Thus w ith  know ledge o f th e  p a th  le n g th  and w a v e le n g th , 
m easurem ent o f th e  v a r ia n c e  o f th e  lo g a r i th m  o f th e  r e c e iv e d  
s ig n a l  i r r a d ia n c e  can  be u sed  to  o b ta in  in fo rm a t io n  on
5 .4 .4  Beam Wander and Beam S p read  Approach
5 .4 .4 .1  Theory
Beam w ander and beam s p re a d in g  a r e  a  f u n c t io n  o f th e  a n g u la r  
v a r i a t i o n s  of th e  l i g h t  beam as  i t  t r a v e l s  a lo n g  a g iv e n  p a th  
and i n  t h i s  in s ta n c e  th e s e  a n g u la r  v a r i a t i o n s  due to  a tm o s p h e r ic  
tu rb u le n c e  a r e  o f prim e c o n c e rn . I t  i s  t h e r e f o r e  n e c e s s a ry  to  
c o n s id e r  a s  a  s t a r t i n g  p o in t  th e  a n g u la r  v a r i a t i o n s .
V a rio u s  w orkers  have a d d re s se d  th em se lv e s  to  th e  p rob lem  
in c lu d in g  Chernov [ 5 .2 7 ] ,  Beckmann [ 5 .2 8 ] ,  H odara [5 .2 9 ]  and 
C hiba [ 5 .3 0 ] .  The l a t t e r  i n  p a r t i c u l a r  g iv e s  a  t h e o r e t i c a l
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a n a ly s i s  u s in g  th e  ray  e q u a tio n  w hich i s  p a r t i c u l a r l y  u s e f u l ,
a l b e i t  r a t h e r  com plex. The ap p ro ach  in v o lv e s  th e  c a l c u l a t i o n  of
th e  mean s q u a re  d e v ia t io n  of th e  r a y ,  A6^ ,  from  i t s  i n i t i a l
d i r e c t i o n  a f t e r  t r a v e l l i n g  a d i s t a n c e  AL. I n t e g r a t i o n  and
s u b s t i t u t i o n  o f th e  Kolmogorov r e l a t i o n s h i p  betw een th e
r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r  and th e  c o rre sp o n d in g
c o r r e l a t i o n  f u n c t io n  y ie ld s  an e x p re s s io n  f o r  th e  v a r ia n c e  o f th e
2a n g u la r  v a r i a t i o n ,  Oq , g iv e n  b y : -
= 5 .7  L (1 + « , /6Wq) (5 .1 7 )
w here : 0 = p la n a r  beam a n g le  
W 0 = beam d ia m e te r
Beam w ander can  be c o n s id e re d  a s  th e  d i f f e r e n t i a l  c o e f f i c i e n t  of
t h e  a n g u la r  v a r i a t i o n  a lo n g  th e  p a th  m u l t ip l ie d  by th e  d i s t a n c e
from  th e  p o in t  i n  q u e s t io n  to  th e  r e c e iv in g  p o in t  when p r o je c te d
on th e  r e c e iv in g  p la n e .  S in c e  th e  a n g u la r  v a r i a t i o n  th ro u g h  th e
a tm o sp h e re  i s  sm a ll and i t s  d i f f e r e n t i a l  c o e f f i c i e n t s  w ith
r e s p e c t  to  th e  p a th  a re  s t a t i s t i c a l l y  in d e p e n d e n t o f each  o th e r ,
fo llo w in g  C h ib a 's  ap p ro ach  [5 .3 0 ] and s u b s t i t u t i n g  f o r  Wq and 0,
e q u a tio n  (5 .1 7 )  can  be u sed  as  a  b a s i s  f o r  d e r iv in g  an  e x p re s s io n
2
f o r  th e  v a r ia n c e  of beam w ander , such t h a t :
= 1 .83  (5 .1 8 )
F o r X = 1000 nm = 10~^ m
= 18 .3  L17/G (5 .1 9 )
E q u a tio n  (5 .1 9 )  c l e a r l y  i n d ic a te s  t h a t  beam w ander i s  a  d i r e c t  
2
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Figure 5.7 Beam wander variance vs Cn  ^
(derived from equation 5.19)
i l l u s t r a t e s  th e  o rd e r  of m agn itude  of beam w ander i n  term s of i t s
p
v a r ia n c e  f o r  a  g iv e n  p a th  le n g th  f o r  d i f f e r e n t  v a lu e s  of .
5 .4 .4 .2  P r a c t i c a l  A pproaches
5 .4 .4 .2 .1  V is u a l  R e s o lu tio n  T echn ique
T h is  te c h n iq u e  u sed  by W esely e t  a l  [5 .24 ] i s  p ro b a b ly  th e
s im p le s t  o f a l l  th e  te c h n iq u e s  f o r  th e  d e te r m in a t io n  of 
2
. I n  e f f e c t  th e  te c h n iq u e  c o n s i s t s  o f th e  v i s u a l  
o b s e rv a t io n  of th e  a tm o sp h e r ic  b lu r r in g  o f p o in t  s o u rc e s .
An in c o h e re n t  l i g h t  s o u rc e , t y p i c a l l y  a  q u a r tz -h a lo g e n  lamp 
i s  p la c e d  b e h in d  a s c re e n  w hich h as  a  number o f a p e r tu r e s  
lo c a te d  i n  i t .  The d ia m e te r  of th e  a p e r tu r e  i s  d e s i r a b ly  
a b o u t 10% o f th e  sp a c in g  betw een  th e  a p e r tu r e s .  The l i g h t  
i s s u in g  from  th e  a p e r tu r e s  i s  th e n  o b se rv ed  from  a  d i s t a n c e  
( i e  a  few hundred  m e t r e s ) .  W esely [5 .2 4 ] h a s  s u g g e s te d  t h a t  
t h e  e s t im a te  of a n g u la r  r e s o l u t i o n  o f th e  p o in t  s o u rc e s  when 
o b se rv e d  from  a  d i s t a n c e  L i s  g iv e n  b y : -
= 3 .4  ( c^ 2 )3 /5  (5 .2 0 )
w here th e  c o n s ta n t  of 3 .4  i s  e m p ir ic a l ly  d e r iv e d .
F i e ld  e x p e rim e n ts  by W esely have in d ic a te d  t h a t  m easurem ents 
2
o f  can  be ta k e n  by v i s u a l  o b s e rv a t io n  o f th e  
a tm o sp h e r ic  b l u r r in g  o f two p o in t  s o u rc e s  o f l i g h t .  For 
l i n e s  of s ig h t  a t  ab o u t 1-2  m above ground l e v e l  th e  
r e s p o n s e  of th e  human eye i s  slow  enough f o r  u s e  o f lo n g  
e x p o su re  e s t im a te s  of image d e g ra d a t io n , b u t f a s t  enough to  
d e te c t  and ig n o re  image d an c in g  cau sed  by s p a t i a l  
in h o m o g e n e it ie s  l a r g e r  th a n  th e  o u te r  s c a le  of tu r b u le n c e .
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The equipm ent n e c e s s a ry  f o r  e s t im a te s  o f i s  l im i te d  
t o  a s u i t a b l e  t e le s c o p e  and l i g h t  s o u rc e s .  On th e  
a ssu m p tio n  t h a t  th e  a tm o s p h e re 's  l im i t i n g  r e s o l u t i o n  a n g le  
i s  a t  l e a s t  4 X/D (w here  D i s  th e  e f f e c t i v e  le n s  d ia m e te r )  
f o r  a  t y p i c a l  p o r ta b le  a s tro n o m ic a l  t e le s c o p e  w ith
C a s s e g ra in e  o p t i c s ,  th e  e f f e c t s  of th e  te le s c o p e  can  be
2
ig n o re d  and a s im p le  c a l c u l a t i o n  o f from  6^ ,  L 
and X can  be made from  E x p re s s io n  (5 .2 1 )  (d e r iv e d  from  
E q u a tio n  ( 5 .2 0 ) ) :
Cn^ = ( 0 .3  8g ) ^ /^  X^/^ (5 .2 1 )
5 .4 .4 .2 .2  P h o to d e te c t io n  o f o p t i c a l  s ig n a l  and a n a ly s i s  of 
beam s p re a d  and beam w ander i n  e l e c t r i c a l  dom ain.
In  t h i s  a rran g em en t th e  r e c e iv e d  o p t i c a l  s ig n a l  i s  d e te c te d  
by a m a tr ix  of o p t o - e l e c t r o n i c  d e te c to r  p h o to d io d e s . The 
e l e c t r i c a l  s ig n a l s  so d e r iv e d ,  a f t e r  a m p l i f i c a t io n ,  can  th e n  
be  a n a ly s e d  to  y i e l d  a  m easure  o f beam sp re a d  and beam 
w ander. The i d e a l  a rran g em en t would employ a  l a r g e  m a tr ix  
a r r a y  o f p h o to d io d e s , say  100 x 100 , i n  o r d e r  to  p ro v id e  
d e t a i l e d  d a ta  on th e  v a r i a t i o n  o f th e  c h a r a c t e r i s t i c s  o f th e  
r e c e iv e d  o p t i c a l  s i g n a l .  In  p r a c t i c e  such  an a rran g em en t 
o b v io u s ly  r e s u l t s  i n  some c o n s id e r a b le  c i r c u i t  c o m p le x ity  
and s ig n a l  a n a ly s i s  c a p a c i ty  p ro b lem s. C le a r ly  r e d u c in g  th e  
number of p h o to d e te c to r s  re d u c e s  th e  a c cu ra cy  o f th e  d a ta  i n  
p r o p o r t io n .
C hiba [5 .30 ] h as  shown t h a t  beam w ander i s  n o t j u s t  i n  a 
v e r t i c a l  d i r e c t i o n ,  b u t does in  f a c t  'd a n c e ' a ro u n d  q u i t e  
c o n s id e ra b ly  ( s e e  F ig u re  3 .3 ) ,  hence  th e  need f o r  a  two 
d im e n s io n a l m a tr ix  r a t h e r  th a n  j u s t  a l i n e a r  a r r a y .  He has
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shown t h a t  th e  m agn itude  o f t h i s  's p o t  d a n c in g ',  as  i t  i s  
som etim es known, can  be as  much as 30 mm f o r  a p a th  le n g th  
o f  1380 m and a t  a  w a v e len g th  o f 632 nm d u r in g  p e r io d s  of 
h ig h  v a lu e s  o f ( s e e  F ig u re  3 .7 ) .
The b ig g e s t  p roblem  w ith  t h i s  ap p roach  i s  t h a t  th e  m agn itude  
o f  beam w ander i s  l i k e l y  to  be o n ly  of th e  o r d e r  of 10-30 mm
a t  m ost even  f o r  a  p a th  le n g th  of 1000 m and c o n s e q u e n tly  a
p r e c i s io n  compact m a tr ix  a r r a y  of th e  ty p e  m en tio n ed  above 
w ould r e a l l y  be r e q u i r e d  i f  a c c u r a te  and m ean in g fu l r e s u l t s  
w ere to  be o b ta in e d .
5 .5  CONCLUSIONS
Each of th e  th r e e  m ain te c h n iq u e s  d is c u s s e d  i n  S e c t io n  5 .4  above i s  a
f a i r l y  p r a c t i c a l  m ethod o f d e r iv in g  a m easure  o f C^^. The
s c i n t i l l o m e t e r  and beam w ander and sp re a d  ap p ro a c h e s  a r e  b ased  on
e m p i r ic a l ly  d e r iv e d  e x p re s s io n s  and a s  such  a r e  o n ly  s u i t a b l e  f o r  g iv in g
2
r e l a t i v e  changes in  C^ ( u n le s s  o th e rw is e  c a l i b r a t e d ) .  The l a t t e r  i n
a d d i t io n  r e q u i r e s  p r e c i s e  d e te rm in a t io n  of th e  m agn itude  o f beam w ander i n
o r d e r  to  o b ta in  an a c c u r a te  m easurem ent le a d in g  to  a  re q u ire m e n t f o r  a
m u l t i - d e t e c to r  compact a r r a y .  The m ic ro th e rm o m e tr ic  app ro ach  i s  an
2
a b s o lu te  m easure of C^ and a s  such  i s  p r e f e r r e d  o v e r  th e  o th e r  two
a p p ro a c h e s . As a lr e a d y  d is c u s s e d  i t  does s u f f e r  from  somewhat g r e a t e r
c o m p le x ity  th a n  th e  o th e r s ,  and th e  s e l e c t i o n  of s u i t a b l e  te m p e ra tu re
2
s e n s o r s  i s  q u i t e  c r i t i c a l .  In  th e  m ic ro th e rm o m e tr ic  ap p ro ach  i s  
m easured  a t  a s in g l e  p o in t  r a t h e r  th a n  a s  a  co m p o site  m easurem ent o v e r  th e  
w hole p a th  le n g th  as i s  th e  c a se  w ith  th e  o th e r  te c h n iq u e s ,  b u t 
m easurem ents w hich w ere c a r r i e d  o u t as p a r t  of t h i s  r e s e a rc h  work and w hich 
a r e  r e p o r te d  i n  C h ap te r 7 s u g g e s t  t h a t  t h i s  i s  n o t i n  f a c t  a  p ro b lem . On 
b a la n c e  th e  m ic ro th e rm o m etric  ap p ro ach  i s  c o n s id e re d  to  be th e  b e s t  
b e c a u s e :—
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i  i t  p ro v id e s  an a b s o lu te  m easurem ent o f ;
i i  i t  i s  based  on an  a d e q u a te  t h e o r e t i c a l  b a s i s  and does n o t r e ly  on 
any e m p ir ic a l ly  d e r iv e d  r e l a t i o n s h ip s ;
i i i  i t  i s  i n  p r in c i p l e  more a c c u r a te  th a n  th e  o th e r  m ethods.
Of th e  v a r io u s  m ic ro th e rm o m etric  te c h n iq u e s  w hich m igh t be em ployed th e  
fo l lo w in g  w ere c o n s id e re d  i n  d e t a i l
a .  The p la tin u m  w ire  s e n s o r  te c h n iq u e  ( th e  a rran g em en t i s  g iv e n  in  
A ppendix  3 ) .
b . The therm ocoup le  ap p ro ach  w hich i s  somewhat s im p le r ,  a lth o u g h  
b e c a u se  th e  v o l ta g e s  b e in g  m easured  a re  of th e  o r d e r  o f te n s  of 
m ic r o v o lts  a  low n o is e  r e s t r i c t e d  bandw id th  a m p l i f i e r  a rra n g e m e n t i s  
n e c e s s a ry  as d e s c r ib e d  i n  more d e t a i l  i n  Appendix 4 .  The r e s u l t s  
r e p o r te d  i n  C h a p te r  7 s u g g e s t  t h a t  th e  lo n g e r  tim e c o n s ta n t  o f th e  
th erm o co u p le  a p p ro ach , when com pared w ith  th e  f in e - w i r e  s e n s o r  
a p p ro a c h , i s  n o t i n  f a c t  a  problem  f o r  th e  ty p e  o f m easurem ent 
r e q u i r e d  f o r  t h i s  m easurem ent p rogram .
The p r a c t i c a l  d i f f i c u l t i e s  e n c o u n te re d  i n  th e  u se  o f f i n e  w ire  s e n s o rs  
d u r in g  th e  p r a c t i c a l  p h ase  o f t h i s  r e s e a rc h  p r o je c t  a re  d is c u s s e d  i n  
A ppendix 3 and r e s u l t e d  i n  th e  a d o p tio n  o f th e  therm o co u p le  ap p ro ach  f o r  
th e  p r a c t i c a l  m easurem ents of w hich w ere needed  f o r  th e  v a l i d a t i o n  







THE ERROR RATE HYPOTHESIS
98
CHAPTER 6
THE ERROR RATE VS C^^ HYPOTHESIS
6 .1  INTRODUCTION
T h is  c h a p te r  p r e s e n t s  a  h y p o th e s is  f o r  th e  r e l a t i o n s h i p  betw een  d i f f e r e n t  
p e rfo rm a n c e  p a ra m e te rs  o f an a tm o sp h e ric  o p t i c a l  com m unications system  and 
i n  p a r t i c u l a r  betw een  th e  e r r o r  r a t e  pe rfo rm an ce  and th e  l e v e l  o f 
a tm o s p h e r ic  tu rb u le n c e .
6 .2  THE HYPOTHESIS
I t  i s  co n tended  t h a t ,  w h i l s t  th e r e  a r e  many system  p a ra m e te rs  i n  an 
a tm o s p h e r ic  o p t i c a l  com m unications system  w hich w i l l  a f f e c t  th e  o v e r a l l  
e r r o r  r a t e  pe rfo rm an ce  o f th e  sy s te m , eg p a th  le n g th ,  le n s  a p e r tu r e  
d ia m e te r  e t c ,  th ey  a re  in v a r i a b ly  s y s te m a t ic  i n  n a tu r e ,  and can  u s u a l ly  be 
r e a d i l y  ta k e n  i n to  a c co u n t i n  th e  system  d e s ig n  i n  o r d e r  f o r  a  g iv e n  s te a d y  
s t a t e  e r r o r  pe rfo rm an ce  to  be a c h ie v e d . However, i t  i s  p o s tu l a te d  h e re  
t h a t  a tm o sp h e ric  tu rb u le n c e  can  g iv e  r i s e  to  s i g n i f i c a n t  v a r i a t i o n s  i n  th e  
b a s ic  e r r o r  pe rfo rm an ce  o f a  system  when com pared w ith  a  non—t u r b u l e n t  
e n v iro n m e n t. The a tm o sp h e ric  tu rb u le n c e  i s  g e n e r a l ly  m easured  a s  a 
f u n c t io n  of th e  a tm o sp h e ric  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r , 
and hence  i t  i s  th e  r e l a t i o n s h i p  betw een  t h i s  l a t t e r  p a ra m e te r  and 
e r r o r - r a t e  pe rfo rm an ce  w hich i s  im p o r ta n t  f o r  th e  p u rp o se s  o f t h i s  
h y p o th e s is .
I t  sh o u ld  be p a r t i c u l a r l y  n o te d  t h a t  th e  h y p o th e s is  c o n s id e r s  o n ly  th e  
e f f e c t  of s c i n t i l l a t i o n  a r i s i n g  from  a tm o sp h e ric  tu r b u le n c e .  O th e r  e f f e c t s  
due to  a tm o sp h e ric  tu rb u le n c e  such  as beam b ro a d e n in g  and beam w ander have 
b een  shown to  be i n s i g n i f i c a n t  f o r  system s hav in g  r e l a t i v e l y  s h o r t  p a th  
l e n g th s  eg l e s s  th a n  ab o u t 1 km ( s e e  C h a p te r  3 ) .  M oreover th e  h y p o th e s is  
















Figure 6.1 Diagrammatic representation of the scintiiiation effect
h a v in g  p a th  le n g th s  w hich do n o t r e s u l t  i n  s a t u r a t i o n  o f th e  l o g - i r r a d i a n c e  
v a r ia n c e  ( s e e  S e c tio n  4 .5 ) .
I n c r e a s e s  in  a tm o sp h e ric  a t t e n u a t i o n  due to  r a i n ,  fo g , snow e tc  have been  
w e l l  re s e a rc h e d  and th e  in c r e a s e s  o b v io u s ly  need to  be a llo w ed  f o r  i n  
sy stem  d e s ig n  c a l c u l a t i o n s .  S in c e  such  e f f e c t s  a r e  a l r e a d y  w e l l  docum ented 
th e y  have n o t been  in c lu d e d  i n  t h i s  h y p o th e s is .  C h a p te r  1 in c lu d e d  an 
o v erv iew  of th e s e  p a r t i c u l a r  e f f e c t s .
6 .3  QUALITATIVE ANALYSIS OF HYPOTHESIS
P re v io u s  c h a p te r s  i n  t h i s  t h e s i s  have i n d ic a te d  t h a t  f o r  o p t i c a l  p a th  
l e n g th s  up to  a round  1000 m i n  le n g th  beam s p re a d  and beam w ander a r e  n o t 
s i g n i f i c a n t  c a u se s  o f v a r i a t i o n s  i n  th e  o p t i c a l  r e c e iv e d  power l e v e l .  
O p t ic a l  s c i n t i l l a t i o n s ,  w hich a r i s e  as  a  r e s u l t  of c o n s t r u c t iv e  and 
d e s t r u c t i v e  i n t e r f e r e n c e  o f o p t i c a l  r a y s  w i th in  th e  o p t i c a l  beam as  
d e te c te d  a t  th e  r e c e iv e r ,  a re  how ever much more s i g n i f i c a n t .  B e fo re  
o b ta in in g  a  m a th e m a tic a l f u n c t io n  f o r  th e  s c i n t i l l a t i o n  e f f e c t  w hich can  be 
em ployed i n  system  s ig n a l  to  n o is e  r a t i o  c a lc u la t io n s  i t  i s  u s e f u l  to  have 
a q u a l i t a t i v e  id e a  of th e  m echanism s g iv in g  r i s e  to  th e  s c i n t i l l a t i o n  
e f f e c t .
Now c o n s id e r  two d i f f e r e n t  ra y s  p ro p a g a tin g  w i th in  th e  o p t i c a l  beam as  
shown i n  F ig u re  6 .1 .  The ra y s  a r r i v in g  a t  th e  d e te c to r  w i l l  have been  
s c a t t e r e d  a s  a  r e s u l t  of th e  v a r io u s  s c a t t e r i n g  m echanism s d is c u s s e d  i n  
C h a p te r  1 and r e f r a c t e d  due to  a tm o sp h e r ic  t u r b u le n t  e f f e c t s  a s  d is c u s s e d  
i n  C h a p te rs  2 and 3 . Each ra y  has a  random ly v a ry in g  o p t i c a l  i n t e n s i t y  
( w i th  tim e) and g iv e n  p h a se . S im i la r ly  th e  second  ra y  w i l l  a l s o  have an 
u n r e l a te d  random ly v a ry in g  o p t i c a l  i n t e n s i t y  and u n r e la te d  p h a se . B a s ic  
th e o ry  in d ic a te s  t h a t  th e  combined e f f e c t  of th e s e  two ra y s  a t  a  g iv e n  
p o in t  i n  th e  d e te c to r  i s  d e te rm in e d  by th e  s t r a ig h t f o r w a r d  a d d ito n  o f th e  
o p t i c a l  power as  a  f u n c t io n  o f th e  p h ase  of each  s i g n a l .  Such a d d i t io n
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r e s u l t s  i n  an in c r e a s e  o r  d e c re a s e  i n  th e  o p t i c a l  power w ith  r e s p e c t  to  th e  
com bined mean o p t i c a l  power of th e  two ra y s  depend ing  on t h e i r  p a r t i c u l a r  
r e l a t i o n s h i p s .  Now i t  m ust be remembered t h a t  th e  o p t i c a l  power o f each 
ra y  i s  f a r  from  c o n s ta n t ,  in d ee d  u s u a l ly  c o m p le te ly  random . Thus we h av e , 
f o r  two r a y s ,  two superim posed  random ly v a ry in g  power d i s t r i b u t i o n s .  I f  we 
now e x te n d  th e  argum ent to  c o n s id e r  a  l a r g e  number of such  ra y s  th e n  we may 
a p p ly  th e  c e n t r a l  l i m i t  theorem  [ 6 .1 ] .  T h is  theorem  s t a t e s  t h a t  i f  a l a r g e  
num ber o f random ly d i s t r i b u t e d  f u n c t io n s  a r e  com bined th e n  th e  r e s u l t a n t  
o v e r a l l  d i s t r i b u t i o n  i s  n o rm a l. I t  fo llo w s  t h e r e f o r e  t h a t  th e  o p t i c a l  
pow er d i s t r i b u t i o n  a t  any g iv e n  p o in t  on th e  o p t i c a l  d e te c to r  i n  th e  
r e c e iv e r ,  due to  s c i n t i l l a t i o n  e f f e c t s ,  w i l l  v e ry  l i k e l y  fo llo w  a norm al 
d i s t r i b u t i o n ,
6 .4  RELATED THEORIES
6 .4 .1  T a t a r s k i i  [6 .2 ]  c o n s id e re d  th e  e f f e c t  of th e  sum m ation of 
o p t i c a l  powers of d i f f e r e n t  o p t i c a l  ra y s  i n  c o n n e c tio n  w ith  th e  
r e c e i p t  of l i g h t  from  p la n e t s  and s t a r s .  I n  h i s  m onograph he 
c o n s id e re d  th e  p ro p a g a t io n  o f l i g h t  from  s t a r s  and p l a n e t s  th ro u g h  
f r e e  sp a ce  and f i n a l l y  th ro u g h  th e  e a r t h 's  a tm o sp h e re . I t  i s  th e  
p a s sa g e  of l i g h t  th ro u g h  th e  t u r b u le n t  a tm osphere  w hich g iv e s  r i s e  to  
t h e  w e l l  known tw in k lin g  s t a r s  e f f e c t .  T a t a r s k i i  goes i n to  
c o n s id e r a b le  d e t a i l  and m a th e m a tic a l co m p le x ity  w hich can n o t be 
r e p e a te d  h e re .  N e v e r th e le s s  h i s  work in d i c a t e s  t h a t  th e  v a r i a t i o n  of 
i r r a d i a n c e  w i l l  be n o rm a lly  d i s t r i b u t e d  w hich i s  s u p p o r t iv e  o f th e  
p re m ise  i n  t h i s  t h e s i s .
6 .4 .2  S h a p iro  has  c a r r i e d  o u t an a n a ly s i s  w hich may be a p p l ie d  to
t e r r e s t r i a l  system s b u t w hich i s  m a th e m a tic a lly  e x tre m e ly  com plex
[ 6 .3 ,  6 . 4 ] .  T h is  a n a ly s i s  i s  b ased  on th e  H u y g e n s-F re sn e l p r i n c i p l e
m odel f o r  a tm o sp h e ric  p r o p a g a t io n  [6 .5 ] w h e re in  th e  s t a t i s t i c s  o f a
f i e l d  r e c e iv e d  from an  a r b i t r a r y  ex ten d ed  s o u rc e  a r e  d e r iv e d  from  th e
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s t a t i s t i c s  o f a s p h e r i c a l  w ave. The i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  to  
th e  l i t e r a t u r e  f o r  f u r t h e r  in fo rm a t io n  on th e  te c h n iq u e s  used  and a 
d e t a i l e d  d e s c r i p t i o n  o f th e  p r in c i p l e s  in v o lv e d  w hich a r e  to o  le n g th y  
t o  be d is c u s s e d  i n  t h i s  t h e s i s .
N o tw ith s ta n d in g  th e  n o t in c o n s id e ra b le  co m p le x ity  o f S h a p i ro 's  
d e r i v a t i o n  i t  i s  im p o r ta n t  to  n o te  t h a t  he  a r r iv e d  a t  e x a c t ly  th e  same 
e x p re s s io n  a s  o b ta in e d  by th e  T a t a r s k i i  ap p roach  d is c u s s e d  
q u a l i t a t i v e l y  i n  P a ra  6 .4 . 1 .
6 .4 .3  The c o n s t r u c t iv e  and d e s t r u c t i v e  i n t e r f e r e n c e  e f f e c t  o c c u r r in g  
a s  a  r e s u l t  of tu rb u le n c e  i n  th e  a tm osphere  and known as  s c i n t i l l a t i o n  
i s  n o t d i s s i m i l a r  to  th e  s p e c k le  p a t t e r n  phenomenon i n  o p t i c a l  f i b r e s  
[ 6 . 6 ] .  I n  th e  l a t t e r  th e  en e rg y  in  d i f f e r e n t  o p t i c a l  r a y s  p ro p a g a tin g  
th ro u g h  an o p t i c a l  f i b r e  on re a c h in g  th e  end o f th e  f i b r e  w i l l  be 
added  o r  s u b t r a c te d  to g e th e r  depend ing  on t h e i r  r e s p e c t iv e  o p t i c a l  
pow er and p h a se . Hence i t  i s  p o s tu la te d  t h a t  tu rb u le n c e  i n  th e  
a tm o sp h e re  g iv e s  r i s e  to  s c i n t i l l a t i o n  i n  a  t e r r e s t r i a l  o p t i c a l  l i n e  
o f  s ig h t  l in k  i n  a  s im i l a r  m anner to  th e  s c a t t e r i n g  (an d  r e f r a c t i o n )  
o f  ra y s  w i th in  an  o p t i c a l  f i b r e  g iv in g  r i s e  to  s p e c k le  p a t t e r n s  a t  th e  
f i b r e  e n d . I f  one was to  m o n ito r  th e  o p t i c a l  power a t  a  g iv e n  s p o t 
w i th in  a s p e c k le  p a t t e r n  em anating  from  a f i b r e  end one w ould f in d  
t h a t  th e  power v a r ie d  i n  a c co rd a n ce  w ith  a  norm al d i s t r i b u t i o n  [6 . 6 ] .  
The s p e c k le  p a t t e r n  phenomenon t h e r e f o r e  r e p r e s e n t s  a  good a n a lo g y  to  
t h e  s c i n t i l l a t i o n  e f f e c t  and s u p p o r ts  th e  g e n e ra l  p re m ise  p o s tu l a te d  
i n  th e  p re c e d in g  s e c t io n s  t h a t  a tm o sp h e ric  s c i n t i l l a t i o n  v a r i a t i o n s  
a r e  a l s o  l i k e l y  to  be n o rm a lly  d i s t r i b u t e d .
102
6 .5  QUANTITATIVE ANALYSIS
6 .5 .1  D e r iv a t io n  o f N o ise  D e g ra d a tio n  F a c to r  f o r  u s e  i n  SNR 
C a lc u la t io n s  due to  T u rb u le n c e  Induced  S c i n t i l l a t i o n  E f f e c t s
The n o is e  d e g ra d a t io n  f a c t o r  w hich i s  needed  i n  o r d e r  to  d e te rm in e  th e
e f f e c t  of tu rb u le n c e  on th e  s ig n a l  to  n o is e  r a t i o  and u l t im a te ly  th e
sy stem  e r r o r  r a t e  can  be g iv e n  by th e  r e l a t i v e  i r r a d i a n c e  v a r ia n c e .
T h is  r e l a t i v e  v a r ia n c e  i s  e x p re s s e d  a s :
R e la t iv e  i r r a d i a n c e  v a r ia n c e  = N o ise  d e g ra d a t io n  f a c t o r  =   (6 .1
<L^
Where <I > = mean l e v e l  o f i r r a d i a n c e .
Hence th e  o b je c t iv e  i s  to  e x p re s s  th e  r e l a t i v e  i r r a d ia n c e  v a r ia n c e  i n
a  form  w hich b o th  f a c i l i t a t e s  p r a c t i c a l  m easurem ent o f th e  r e l e v a n t
p a ra m e te rs  and i n  p a r t i c u l a r  p ro v id e s  a r e l a t i o n s h i p  w ith  th e
2
a tm o s p h e r ic  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r , . C o n tra ry  
t o  th e  e x p o s i t io n s  of T a t a r s k i i  [6 .2 ]  and S h a p iro  [ 6 .3 ] ,  w hich a re  
b o th  e x tre m e ly  m a th e m a tic a lly  com plex, t h i s  t h e s i s  p ro v id e s  a  
r e l a t i o n s h i p  d e r iv e d  from  b a s ic  p r in c i p l e s  w hich av o id s  th e  com plex 
w ork ings o f th e s e  o th e r  a u th o r s .  D e s p ite  b e in g  much m ore 
s t r a ig h t f o r w a r d ,  th e  ap p ro ach  p ro p o sed  i n  t h i s  t h e s i s  i s  c o n s id e re d  
t o  be j u s t  as  m a th e m a tic a lly  r ig o r o u s  as th o s e  o f T a t a r s k i i  and 
S h a p iro .
I n  th e  f i r s t  in s t a n c e  a m p litu d e  and i r r a d i a n c e  f l u c t u a t i o n s  a r e  
c o n s id e re d  in  o r d e r  to  d e r iv e  th e  r e l a t i v e  v a r ia n c e .
T a t a r s k i i  h as  shown [6 .2 ]  t h a t  th e  s ig n a l  a m p litu d e  a t  th e  r e c e iv e r  i s  
lo g -n o rm a l, t h a t  i s  th e  lo g -a m p li tu d e  X i s  a norm al v a r i a b l e ,  w here:
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X = InA (6 .2 )
The lo g -a m p li tu d e  has  mean v a lu e :
<X>= <LnA> ( 6 .3 )
and m ean -sq u are  v a lu e :
<&2>= <X)2 +  0^2
= + oj- ( 6 . 4 )
2
w here cr^  = lo g  a m p litu d e  v a r ia n c e .
The in s ta n ta n e o u s  v a lu e  of i r r a d i a n c e .  I ,  i s  d e f in e d  to  be th e  s q u a re  
o f  th e  in s ta n ta n e o u s  a m p litu d e . A, such  t h a t :
I  -  ( 6 .5 )
Now we a ls o  have th e  l o g - i r r a d i a n c e ,  Y, g iv e n  by:
Y = I n l  ( 6 . 6 )
= 21nA
= 2X ( 6 .7 )
N ote t h a t  th e  m agnitude  of a m p litu d e  and i r r a d ia n c e  f l u c t u a t i o n s  i s  so  
l a r g e  t h a t  i t  h a s  become common p r a c t i c e  am ongst w o rk ers  i n  th e  f i e l d  
t o  u s e  lo g -a m p li tu d e  and l o g - i r r a d i a n c e  f u n c t io n s .
I f  X i s  a  norm al (G a u ss ia n )  v a r i a b l e ,  th e n  Y = 2X w i l l  a l s o  be n o rm a l. 
The lo g - i r r a d i a n c e  has  mean v a lu e :
<i>= < ln l> =  2 '^nA> ( 6 . 8 )
and m ean -square  v a lu e :
<Y^  > = <LnI ^
= 4 ^ n A )^  + ( 6 . 9 )
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Now, from  e q u a tio n  ( 6 .7 )  we know t h a t  Y = 2X hence  e q u a tio n  6 .9  
becom es:
4 > = 4 <.nA
R e -a rra n g in g  e q u a tio n  (6 .1 0 )  we o b ta in  an e x p re s s io n  f o r  o :
(6 . 10)
cy2 = 4 < x 2 > -  4 <lnA
A lso , from  e q u a tio n  ( 6 .4 )  we have;
= <X^  > -  <LnA ^
(6 . 11)
(6 . 12)
H ence, by com paring e q u a tio n s  (6 .1 1 )  and (6 .1 2 )  we can  e s t a b l i s h  th e  
r e l a t i o n s h i p  w hereby :
o /  = 4(%2 (6 .1 3 )
G iven t h a t  X = InA and Y = I n l ,  we can  f in d  A o r  I  s in c e :
A = e^  ; I  = e^ (6 .1 4 )
U sing th e  e x p o n e n tia l  fo rm , we can  c o n tin u e  to  f in d  th e  mean and 
m ea n -sq u are  v a lu e  o f I :
<I > = <e^  >
and
<L^ >= <e2y>
(6 .1 5 )
(6 .1 6 )
We have n o te d  t h a t  Y i s  a  norm al v a r i a b l e ,  hence  we can  u s e  th e  r e s u l t  
d e r iv e d  i n  A ppendix 6 w hereby :
a V 2
and
<I > = > = e ^ e
;  = y
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(6 .1 7 )
(6 .1 8 )
To f in d  < 1^> we m ust e v a lu a te  u s in g  th e  fo llo w in g  th e o ry
I f  a  = 2b, th e n  <a > = 2 <) > 
and > = 4 <5^  >
U sing  t h i s  in fo rm a tio n  we th u s  o b ta in ;
2
I  > = <e2y > =  e 2 < ÿ > 2 oe y (6 .1 9 )
The i r r a d i a n c e  h as  v a r ia n c e ;
(6 . 20)
and a r e l a t i v e  v a r ia n c e :
2 2 CTj. /  <£ > = ——— — 1 (6 .21)
U sing  e q u a tio n s  (6 .1 8 )  and (6 .1 9 )  we deduce th a t :
2
<1^  > e 2 ^ > e ^ 'y
e 2 < y > g y
= e
F i n a l l y ,  from  e x p re s s io n  (6 .1 3 )  we have th e  r e l a t i o n s h i p :
2 2cTy = 4 . Hence, th e  r e l a t i v e  i r r a d ia n c e  v a r ia n c e  can  be
e x p re s s e d  i n  th e  form :
(6 . 22)
4 a
= e -  1 (6 .2 3 )
w here i s  th e  lo g -a m p li tu d e  v a r ia n c e .  The lo g -a m p li tu d e
v a r ia n c e  i s  r e l a t e d  to  th e  a tm o sp h e r ic  r e f r a c t i v e  in d e x  s t r u c t u r e  
2c o n s ta n t  (C^ ) ,  th e  p a th  le n g th  (L) and wave le n g th  by th e  
r e l a t i o n s h i p  g iv e n  i n  e q u a tio n  ( 4 .2 ) ,  r e p e a te d  h e re  f o r  c o m p le te n e ss  
v iz  :
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qJ- = 0 .3 1  l1 1 /6  (6 .2 4 )
I t  fo llo w s  from  e q u a tio n s  (6 .2 3 )  and (6 .2 4 )  t h a t  th e  r e l a t i v e
2
i n t e n s i t y  v a r ia n c e  i s  a ls o  a f u n c t io n  of , L and X.
The r e l a t i v e  i r r a d ia n c e  v a r ia n c e  g iv e n  i n  e q u a tio n  (6 .2 3 )  i s  an a lo g o u s 
t o  th e  c o rre sp o n d in g  e x p re s s io n s  d e r iv e d  by T a t a r s k i i  [6 .2 ]  and 
S h a p iro  [ 6 .3 ] ,  b u t th e  d e r i v a t i o n  i n  t h i s  t h e s i s  i s  c o n s id e ra b ly  more 
s t r a ig h t f o r w a r d  th a n  e i t h e r  o f t h e i r  d e r i v a t i o n s .
The e x p re s s io n  f o r  th e  r e l a t i v e  i r r a d ia n c e  v a r ia n c e  g iv e n  in  
e q u a t io n  (6 .2 3 )  may be u sed  i n  s ig n a l  to  n o is e  c a lc u la t io n s  to  
in c re m e n t th e  l e v e l  of n o is e  due to  tu rb u le n c e  in d u ced  s c i n t i l l a t i o n  
w h ich , of c o u rs e , w i l l  r e s u l t  in  a  decrem en t of th e  v a lu e  of s ig n a l  to  
n o i s e  r a t i o .  T h is  c a l c u l a t i o n  i s  g iv e n  i n  S e c tio n  6 . 6 .
6 .5 .2  The S/N D ecrem en ting  F a c to r
I t  may be re a s o n a b ly  conc luded  t h a t  th e  e x p re s s io n  f o r  th e  r e l a t i v e  
i r r a d ia n c e  v a r ia n c e ,  ( e  -  1) ,  as  d e r iv e d  i n  th e  p re c e d in g  s e c t io n s  
o f  t h i s  c h a p te r ,  i s  a  f a c t o r  w hich may be u sed  to  i n d i c a t e  
q u a n t i t a t i v e l y  th e  way in  w hich th e  r e c e iv e d  o p t i c a l  s i g n a l  i n t e n s i t y  
v a r i e s  as  a  r e s u l t  of tu rb u le n c e  in d u ced  s c i n t i l l a t i o n  e f f e c t s  i e  
fo llo w in g  a norm al d i s t r i b u t i o n .
The e x p re s s io n  i s  u sed  i n  th e  su b se q u e n t s e c t io n  to  show how 
tu rb u le n c e  a f f e c t s  th e  s ig n a l  to  n o is e  r a t i o  and hence  th e  system  
e r r o r  r a t e .
6 .6  MATHEMATICAL DERIVATION OF RELATIONSHIP BETWEEN AND ERROR-RATE 
PERFORMANCE
The q u a n t i t a t i v e  a n a ly s i s  g iv e n  below  assum es th e  u s e  o f a  c o l l im a te d  beam 
t r a n s m i t t e r  and a d i f f r a c t i o n  l im i te d  d i r e c t  d e te c t io n  r e c e iv e r  w i th  o n -o f f
107
k e y in g  i n t e n s i t y  ( a m p litu d e )  m o d u la tio n . I t  i s  f u r t h e r  assum ed t h a t  th e  
r e c e iv e r  em ploys a lo w -p a ss  f i l t e r  to  l i m i t  th e  s h o t n o is e  b andw id th .
The SNR i s  c a lc u la te d  f o r  an e l e c t r i c a l  p o in t  be tw een  th e  p h o to d io d e  and 
th e  f i r s t  a m p l i f i c a t io n  s ta g e  and th e  fu n d am en ta l e x p re s s io n s  employed a r e  
g iv e n  i n  A ppendix 5 [6 .7 ]  . Now th e  n o is e  term  co m p rise s  th e rm a l , s h o t and 
f i r s t  s ta g e  a m p l i f i e r  n o is e  term s and hence  th e  g e n e r a l i s e d  SNR e x p re s s io n  
i s  g iv e n  b y ; -
w here 1^ = e l e c t r i c a l  s ig n a l  c u r r e n t
I ^  = th e rm a l n o is e  c u r r e n t  
Ig ^  = s h o t  n o is e  c u r r e n t  
I g  = a m p l i f i e r  n o is e  c u r r e n t
The n o is e  term s i n  th e  d en o m in a to r a r e  g iv e n  b y : -
4kTB
Therm al n o is e  term  <L^  >  ------- (6 .2 6 )
R .
S hot n o is e  a r i s e s  from  a  number o f d i f f e r e n t  s o u rc e s  v i z : -
2Shot n o is e  due to  d a rk  c u r r e n t  <1^ > = 2qI^B (6 .2 7 )
2 2q^ q BP^
Shot n o is e  due to  s ig n a l  c u r r e n t  <[ > = 2 q l B  -------------- (6 .2 8 )
hv
2q%n BPg
Shot n o is e  due to  background c u r r e n t  = 2qI^B   —  (6 .2 9 )
hv
The s ig n a l  c u r r e n t  i s  g iv e n  by 1^ w h e re :-
hv
( 6 . 3 0 )
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F i r s t  s ta g e  a m p l i f i e r  n o is e  f o r  a  b ip o la r  in p u t  s ta g e  i s  g iv e n  by [6 . 8 ] : -  
,  1511^
<1^ > = -------. q I c o i i  —  + Zqly^B (6 .3 1 )
3 Sm
Where I qqH  th e  c o l l e c t o r  c u r r e n t  ( t y p i c a l l y  O .IA ), C.j, i s  th e  t o t a l  
c a p a c i ta n c e  ( t y p i c a l l y  5 0 p F ), B i s  th e  e l e c t r i c a l  ban d w id th , g^  ^ i s  th e  
m u tu a l c o n d u c tan ce  ( t y p i c a l l y  40 mS) and i s  th e  b a se  c u r r e n t  
( t y p i c a l l y  1 mA). For many low p e rfo rm an ce  a p p l i c a t i o n s  t h i s  p a r t i c u l a r  
n o i s e  so u rc e  may be ig n o re d .
Now th e  s h o t n o is e  term  g iv e n  above does n o t ta k e  a c co u n t o f any 
s c i n t i l l a t i o n  e f f e c t s  a r i s i n g  due to  th e  p re s e n c e  o f tu rb u le n c e  i n  th e  
a tm o sp h e re  and th e  term  h a s  to  be s u i t a b ly  m o d if ie d  by u s in g  th e  r e l a t i v e  
i r r a d i a n c e  v a r ia n c e  (exp(4cr^ ) -  1) .
W ith t h i s  v a lu a b le  in p u t  one can  make c o n s id e ra b le  p r o g re s s  i n  r e l a t i n g
e r r o r  r a t e  to  th e  v a r i a t i o n  i n  th e  a tm o sp h e r ic  r e f r a c t i v e  in d e x  s t r u c t u r e
2 2 p a ra m e te r ,  , s in c e  th e  l a t t e r  i s  a  f u n c t io n  of .
I n s e r t i n g  th e  e x p re s s io n s  f o r  th e  s ig n a l  and n o is e  s o u rc e s  d e r iv e d  above 
t o g e t h e r  w i th  th e  r e l a t i v e  i r r a d i a n c e  v a r ia n c e  (SNR d e c re m e n tin g  f a c t o r )  
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The d ec re m e n tin g  f a c t o r  i n  th e  d en o m in a to r o f e q u a tio n  (6 .3 2 )  i s  a s s o c i a te d  
w i th  th e  term  f o r  th e  s h o t n o is e  a r i s i n g  from  th e  r e c e iv e d  o p t i c a l  s i g n a l .  
T u rb u le n c e  may a l s o ,  i n  c e r t a i n  c irc u m s ta n c e s  and i n  some d e s ig n s  o f 
o p t i c a l  l i n e  of s ig h t  l i n k ,  g iv e  r i s e  to  s c i n t i l l a t i o n  o f th e  background
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o p t i c a l  s i g n a l .  However, t h i s  i s  re g a rd e d  as  b e in g  a second  o rd e r  e f f e c t  
s in c e  i t  u s u a l ly  has a  n e g l i g ib l e  e f f e c t  on o v e r a l l  system  perfo rm an ce  and 
i s  t h e r e f o r e  n o t in c lu d e d  in  th e  above e x p re s s io n .
A com puter program  f o r  c a l c u l a t i n g  th e  SNR f o r  v a r io u s  v a lu e s  of ( a  
p a ra m e te r  fo rm ing  p a r t  o f th e  e x p re s s io n  f o r  ) was w r i t t e n  as  p a r t  
of t h i s  r e s e a rc h  work [6 .1 4 ]  and was u sed  in  th e  p r e p a r a t io n  o f many of th e  
s u b se q u e n t g ra p h s . F or th e  p u rp o se s  of t h i s  c a l c u l a t i o n  i t  i s  more 
c o n v e n ie n t to  u se  r a t h e r  t h a t  P ^ . A cc o rd in g ly  A ppendix 7 g iv e s
d e t a i l s  of Pj^ a s  r e p r e s e n te d  by so u rc e  r a d ia n c e ,  p a th  a t t e n u a t io n  e t c .
A ppendix 9 g iv e s  th e  d e r i v a t i o n  o f th e  background n o is e  pow er, Pg, w hich 
i s  needed  f o r  d e te rm in in g  th e  o v e r a l l  s h o t n o is e ,  and A ppendix 10 c o n s id e r s  
t h e  o v e r a l l  s h o t n o is e  term  and i t s  c o n s t i t u t i o n .
When th e  system  i s  s h o t n o is e  l im i t e d ,  w hich i s  th e  c a se  f o r  m ost good 
sy stem  d e s ig n s ,  th e  SNR e x p re s s io n  can  be much s im p l i f ie d  and t h i s  i s  
d e r iv e d  in  A ppendix 11 . One of th e  p a ra m e te rs  w hich i s  a  m ajo r c o n t r ib u to r  
t o  s h o t  n o is e  i s  quantum  n o i s e ,  w hich a r i s e s  as  a  r e s u l t  of th e  random 
a r r i v a l  o f pho to n s a t  th e  d e t e c to r ,  and th e  quantum  n o is e  l i m i t  i s  
c a lc u la t e d  i n  Appendix 12.
I n  th e  c a s e  of a s h o t n o is e  l im i te d  system  th e  SNR e x p re s s io n  in  
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Figure 6.2 Basic theoretical relationship between 
SNR and P(e) for 2 Mbit/s OOK system 
in absence of turbulence
E q u a t io n  ( 6 . 3 3 )  c a n  b e  s i m p l i f i e d  f u r t h e r  t o  show t h e  r e l a t i o n s h i p  b e tw e e n
SNR and
Pr
SNR = m . ----------------   (6 .3 4 )
(ex p  (4 a ) - l )
n
w here m = ------- = a c o n s ta n t  f o r  a  g iv e n  system  of bandw id th  B
2 Bhv
C le a r ly  from  e q u a tio n  (6 .3 4 )  i t  can  be s e e n  t h a t : -
a . th e  SNR i s  a  f u n c t io n  o f th e  r e c e iv e d  power l e v e l ,  as  was
t o  be e x p e c te d ,
b . th e  SNR i s  a  f u n c t io n  o f th e  r e l a t i v e  i r r a d ia n c e  v a r ia n c e  term
e -  1 . P re v io u s  c h a p te r s  have in d ic a te d  t h a t
2 . ( c o n s ta n t )
Hence i t  fo llo w s  t h a t  th e  SNR i s  r e l a t e d  to  v i a  an in v e r s e  
e x p o n e n t ia l  te rm .
The r e l a t i o n s h i p  betw een e r r o r  p r o b a b i l i t y  and SNR has  been  w e l l  docum ented 
[ 6 .9 ,  6 .1 0 ]  and i s  a ls o  a d d re s s e d  in  A ppendix 14 . In  th e  a b sen c e  of 
tu rb u le n c e  th e  r e l a t i o n s h i p  f o r  an  o n /o f f  k e y in g  a m p litu d e  m o d u la ted  sy stem  
i s  g iv e n  by e x p re s s io n  (6 .3 5 )  [ 6 .3 ,  6 .1 2 ] :
P (e )  = 0 .5  e r f c  (0 .5  (S /N )^ ^ ^ ) = 0 .5  exp ( -  SNR/4) (6 .3 5 )
T h is  r e l a t i o n s h i p  i s  shown in  F ig u re  6 .2  i n  w hich = 0 f o r  th e  c a s e  
o f no tu rb u le n c e .  In  th e  p re s e n c e  o f tu rb u le n c e —in d u ced  s c i n t i l l a t i o n  th e  
SNR has to  be in c r e a s e d  in  o rd e r  f o r  a  g iv e n  e r r o r  p r o b a b i l i t y  to  be 
m a in ta in e d . F o llo w in g  th e  ap p ro ach  p ro p o sed  by S h a p iro  th e  r e q u i r e d  
in c r e a s e  i n  SNR has been  d e r iv e d  and i s  shown i n  F ig u re  6 .3  f o r  d i f f e r e n t  
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Figure 6.3 Theoretical increase in SNR needed in order for a 







Figure 6.4 Theoretical relationship between SNR and P(e) 








Figure 6.5 Theoretical worst case variation of SNR with path length 
and Cn  ^— shot noise limited system (LED radiant 
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Figure 6.6 Theoretical worst case variation of SNR with path length 
and Cn  ^— shot noise limited system (LED radiant 
intensity = 10^W/m^/sr)
I t  can  be c l e a r l y  s e e n  from  F ig u re  6 ,3  t h a t  when th e  tu rb u le n c e  i s
2
s i g n i f i c a n t ,  eg when = 0 .5 ,  v e ry  la r g e  in c r e a s e s  i n  SNR a re  
r e q u i r e d  in  o rd e r  to  m a in ta in  an  a c c e p ta b le  P(e-) i e  up to  55 dB o r  even  
m ore.
The P (e )  v s SNR r e l a t i o n s h i p  i n  th e  ab sen c e  o f tu rb u le n c e  (shown i n
F ig u re  6 .2 )  can  be com bined w ith  th e  d a ta  i n  F ig u re  6 .3  t o  y i e l d  th e  g rap h s
shown i n  F ig u re  6 .4 ,  w hich show th e  P (e )  vs SNR r e l a t i o n s h i p  i n  th e
2
p re s e n c e  o f tu rb u le n c e  f o r  v a r io u s  v a lu e s  o f .
C a lc u la t io n  o f SNR in  e q u a t io n  (6 .3 3 )  f o r  a  2 M b it/s  OOK system  w ith
2
d i f f e r e n t  v a lu e s  o f p a th  le n g th  and y ie ld s  th e  g rap h s  shown i n
F ig u re s  6 .5  and 6 .6  f o r  LED o u tp u t  pow ers of 10^ W /m ^/sr and
10 W/m / s r  r e s p e c t i v e ly .  In  b o th  c a se s  th e  d ra m a tic  r e d u c t io n  i n  SNR 
2a s  in c r e a s e s  f o r  a  g iv e n  p a th  le n g th  i s  q u i t e  m arked , p a r t i c u l a r l y  
f o r  p a th  le n g th s  i n  e x c e s s  o f a b o u t 500m a t  w hich d i s t a n c e  th e  c u m u la tiv e  
e f f e c t  of th e  tu rb u le n c e  b e g in s  to  d o m ina te  s i g n i f i c a n t l y .
F ig u re  6 .7  g iv e s  th e  d a ta  shown i n  F ig u re s  6 .5  and 6 .6  b u t  r e l a t e d  i n  t h i s
i n s t a n c e  to  P (e )  r a t h e r  th a n  SNR u s in g  th e  r e l a t i o n s h i p  shown i n
F ig u re  6 .4 .  F ig u re  6 .7  i l l u s t r a t e s  th e  m ain  h y p o th e s is  o f t h i s  p a p e r
d e r iv e d  from  th e  fu n d am e n ta l e x p re s s io n  i n  e q u a t io n  ( 6 .3 2 ) ,  i e  th e  n a tu r e
2
o f  th e  r e l a t i o n s h i p  betw een  P (e )  and . The r e l a t i o n s h i p  be tw een  th e
2
e r r o r  r a t e  and i s  on ly  to o  a p p a re n t .  High p e rfo rm an ce  system s 
r e q u i r in g  e r r o r  r a t e s  of 1 i n  10^ o r  b e t t e r  and o p e r a t in g  o v e r  p a th  
l e n g th s  o f th e  o rd e r  of 1000 m w i l l  f in d  t h a t  th e  v e ry  s l i g h t e s t  amount of 
tu rb u le n c e  w i l l  r e s u l t  i n  a  d ra m a tic  d e g ra d a t io n  i n  th e  e r r o r  r a t e .  One 
o r d e r  of m agnitude  change i n  th e  l e v e l  o f tu rb u le n c e  r e s u l t s ,  i n  t h e  w o rs t  
c a s e ,  i n  o v e r 2 o rd e r s  of m agn itude  d e g ra d a t io n  i n  th e  e r r o r  r a t e  
p e rfo rm a n c e . As would be e x p e c te d , system s o p e ra t in g  o v e r  much s h o r t e r  
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Figure 6.7 Theoretical relationship between P(e) and Cn  ^
(worst case)
a t  ab o u t th e  same r a t e ,  e r r o r  r a t e  pe rfo rm an ce  d e g ra d a t io n  beyond 1 i n
Q
10 does n o t o ccu r u n t i l  v e ry  s e v e re  l e v e l s  of tu rb u le n c e  a re  p r e s e n t ,  
r e p r e s e n te d  by l e v e l s  of a p p ro a c h in g  10“ ^^ The g rap h s
i n  F ig u re  6 .7  a l s o  show t h a t  th e  m agn itude  of th e  e r r o r  r a t e  p e rfo rm an ce  
d e g ra d a t io n  i s  red u ced  as  th e  so u rc e  r a d ia n c e  in c r e a s e s .
F ig u re  6 .8  shows th e  e f f e c t  o f v a r io u s  system  v a r i a b le s  on th e  o v e r a l l  
s i g n a l  to  n o is e  r a t i o  f o r  w o rs t  c a se  tu rb u le n c e  o f = 10~^^
T h ere  a r e  some c l e a r  o b s e rv a t io n s ;  f o r  in s ta n c e  th e  p e rfo rm an ce  i s  deg rad ed  
due to ;
-  in c r e a s e  i n  b i t  r a t e  o f o p e ra t io n
-  r e d u c t io n  i n  t r a n s m i t t e d  power
-  red u ced  le n s  a p e r tu r e  d ia m e te rs
The s ig n i f i c a n c e  o f th e  le n s  d ia m e te rs  i s  p a r t i c u l a r l y  w o rth  n o t in g .  Take 
f o r  in s t a n c e  a system  o p e ra t in g  o v e r  a  p a th  le n g th  o f 500 m. F or a  le n s  
d ia m e te r  of 0 .1  m a s ig n a l  to  n o is e  r a t i o  o f 15 dB o r  b e t t e r  i s  a c h ie v e d  
i r r e s p e c t i v e  of th e  o th e r  system  p a ra m e te rs ,  w hereas a  le n s  d ia m e te r  o f 
h a l f  t h i s  s i z e  i e  0 .0 5  m would mean t h a t  th e  system  would be w h o lly  
in o p e r a b le .
The p e rfo rm an ce  of system s h av in g  o th e r  system  p a ra m e te rs  can  be r e a d i ly  
c a lc u la t e d  from  e q u a tio n  ( 6 .3 2 ) .
6 .7 CONCLUSION
A h y p o th e s is  f o r  th e  r e l a t i o n s h i p  betw een  P (e )  and C^^ h as  been
d e v e lo p e d . C h a p te r  8 g iv e s  p r a c t i c a l  r e s u l t s  f o r  th e  r e l a t i o n s h i p  betw een
2
P (e )  and C^ w hich w i l l  e n a b le  th e  v a l i d i t y  o f th e  h y p o th e s is  to  be 







W /m '/sr  





Figure6.& Variation of SNR with path iength in severe turbuience 
for different system parameters
(effective transmitter lens diameter =  effective receiver lens diameter =  d)
From th e  th e o ry  d ev e lo p ed  in  t h i s  c h a p te r  i t  i s  p o s s ib le  to  say  t h a t ,  i n  
o r d e r  to  m axim ise th e  p e rfo rm an ce  o f a tm o sp h e ric  o p t i c a l  com m unication  
s y s te m s , i t  i s  n e c e s s a ry  to ;
a . Employ th e  maximum t r a n s m i t t e r  power p o s s ib l e ,  c o n s i s t e n t  of 
c o u rs e  w ith  any p r a c t i c a l  c o n s id e r a t io n s  r e g a rd in g  p h y s ic a l  s i z e ,  
o p t i c a l  s a f e t y ,  a v a i l a b i l i t y  of s u i t a b l e  s o u rc e s  e t c .
b . Employ th e  maximum d ia m e te r  o f t r a n s m i t t e r  and r e c e iv e r  l e n s e s  
p o s s ib l e  w hich w i l l  f i t  i n to  th e  equipm ent h o u s in g .
c . O p e ra te  a t  th e  lo w e s t  b i t  r a t e  p o s s ib le  f o r  th e  p a r t i c u l a r  
a p p l i c a t i o n .
S ou rce  pow ers of 10^ W /m f/sr can  be r e a d i ly  a c h ie v e d  u s in g  sem i­
c o n d u c to r  l a s e r s  and le d s  and sh o u ld  be th e  minimum power c o n s id e re d  in  
d e s ig n  c a l c u l a t i o n  i f  th e  system  p erfo rm an ce  i s  to  be m ax im ised . In  
a d d i t i o n  e f f e c t i v e  le n s  d ia m e te rs  of 0 .1  m b r in g  ab o u t a  m arked im provem ent 
o v e r  system s u s in g  le n s  d ia m e te rs  o f h a l f  t h i s  s i z e  and th e r e  w ould need  to  
be s t r o n g  coun term and ing  a rgum en ts f o r  em ploying  le n s  d ia m e te rs  o f l e s s  
th a n  ab o u t 0 .1  m i f  system s a re  to  o p e ra te  o v e r p a th  le n g th s  o f 500 m o r  
m ore . C le a r ly  th e  h ig h e r  th e  b i t  r a t e  of o p e ra t io n  th e  g r e a t e r  a t t e n t i o n  
w hich needs to  be p a id  to  a l l  th e  v a r io u s  system  p a ra m e te rs  i n  o r d e r  to  
m axim ise system  p e rfo rm a n c e .
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PART I I I
PRACTICAL MEASUREMENTS AND RESULTS
T h is  p a r t  of th e  t h e s i s  c o n ta in s  d e t a i l s  of th e  
m easurem ent program  c a r r i e d  o u t by th e  a u th o r  as  p a r t  
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CHAPTER 7
THE MEASUREMENT OF THE ATMOSPHERIC REFRACTIVE INDEX STRUCTURE PARAMETER
7 .1  INTRODUCTION
C h a p te r  5 gave th e  th e o ry  beh in d  th e  A tm ospheric  R e f r a c t iv e  Index  S t r u c tu r e  
2
P a ra m e te r , C^ , and e x p la in e d  th e  v a r io u s  te c h n iq u e s  t h a t ,  in
2p r i n c i p l e ,  m igh t be em ployed f o r  th e  m easurem ent o f C^ . Some of th e  
p r a c t i c a l  p roblem s a s s o c ia te d  w ith  th e  v a r io u s  te c h n iq u e s  in c lu d in g  th e  
f in e - w i r e  m easurem ent te c h n iq u e  w ere d is c u s s e d ,  and a s  a  p r a c t i c a l  ap p ro ach  
th e  u se  of th erm o co u p les  was p ro p o se d . The b a s ic  d e s ig n  o f a  th erm o co u p le  
b a se d  m easu rin g  equ ipm ent was a ls o  p re s e n te d  in  C h a p te r  5 and i n  f u r t h e r  
d e t a i l  i n  A ppendix 4 .
T h is  c h a p te r  c o n s id e r s  th e  a u th o r  * s p r a c t i c a l  m easurem ent o f th e  
A tm o sp h e ric  R e f r a c t iv e  In d ex  S t r u c tu r e  P a ra m e te r  u s in g  th e  d e s ig n  d e r iv e d  
i n  C h a p te r  5 and  A ppendix 4 , d is c u s s e s  th e  r e s u l t s  o b ta in e d  o v e r  a  p e r io d  
o f  some 18 m onths, and draw s some c o n c lu s io n s .
7 .2  OBJECTIVES OF EXPERIMENTS
The o b je c t iv e s  o f t h i s  p h a se  of th e  e x p e r im e n ta l  work w e re :-
a .  To check t h a t  th e  d e s ig n  of th e  m easu rin g  equipm ent was a d e q u a te  
and  t h a t  i t s  pe rfo rm an ce  gave a c c e p ta b le  r e s u l t s .
2b . To a s s e s s  th e  m easured  v a lu e s  of C^ u n d e r v a r io u s  c o n d i t io n s  
and to  compare th e  r e s u l t s  w ith  th o s e  o b ta in e d  by o th e r  w o rk e rs , i n  
o r d e r  to  a s s e s s  th e  v a l i d i t y  of th e  r e s u l t s .
c .  To make any c o n c lu s io n s  w hich m igh t be r e l e v a n t  to  s u b se q u e n t
2
work c o n c e rn in g  th e  v a r i a t i o n  of C^ w ith  tim e of day , a n n u a l 












Figure 7.1 Block schematic of Cn‘ measuring equipment
Figure 7.2 Cn' measuring equipment
d . To a s s e s s  th e  e f f e c t  w hich d i f f e r e n t  s e n s o r  sp a c in g s  have on th e  
2 m easu rem en ts.
e .  To d e te rm in e  w h e th e r  th e  s e n s o rs  sh o u ld  be sp aced  h o r i z o n t a l l y  o r  
v e r t i c a l l y .
f .  To d e te rm in e  th e  tim e  c o n s ta n t  w hich sh o u ld  be u sed  i n  o rd e r  to
2
o b ta in  th e  m ost m ea n in g fu l r e s u l t s .
7 .3  MEASURING EQUIPMENT 
27 .3 .1  M easuring  Equipm ent
A b lo ck  sc h e m a tic  d iagram  o f th e  m easu rin g  equipm ent i s  shown i n
F ig u re  7 .1  and th e  c i r c u i t  a rran g em en t f o r  th e  s e n s o rs  and
a m p l i f i c a t io n  s ta g e s  i s  g iv e n  in  A ppendix 4 . The o u tp u t  from  th e
te m p e ra tu re  s e n s o r  a m p l i f i c a t io n  s ta g e s  was fe d  to  a  c i r c u i t  w hich
to o k  th e  mean s q u a re  v a lu e  of th e  s i g n a l .  The o u tp u t  from  t h i s  s ta g e
c o u ld  th e n  be fe d  d i r e c t l y  to  a  c h a r t  r e c o r d e r  from  w hich , w ith
2
a p p r o p r ia t e  c a l i b r a t i o n ,  th e  v a lu e  o f c o u ld  be deduced  o r
a l t e r n a t i v e l y  fe d  to  an A/D c o n v e r to r  f o r  in p u t  to  a  co m p u te r. The
l a t t e r  c o u ld  be programmed w ith  d a ta  such  as w a v e le n g th , p r e s s u r e  e t c
2
from  w hich th e  v a lu e  of c o u ld  be com puted. In  o r d e r  to  
m in im ise  e x tra n e o u s  n o is e  due to  power s u p p l ie s  e t c ,  a  + 4.5V i n t e r n a l  
d c  b a t t e r y  su p p ly  was u s e d . The th e rm o co u p le s  u sed  a s  th e  s e n s o rs  
w ere  th e  exposed  b u tt-w e ld e d  ty p e .  The su p p ly  o f th e  p r e f e r r e d  Type E 
th erm o co u p le  from  Omega E n g in e e r in g  I n c  p roved  d i f f i c u l t  and th e  more ' 
r e a d i l y  a v a i l a b l e  Type T th e rm o co u p le s  ( c o p p e r /c o p p e r  n i c k e l )  from  
RS Components Type 151-259 h a v in g  a s e n s i t i v i t y  o f 50 uV/®C w ere 
em ployed . A p h o to g ra p h  of th e  equ ipm ent i s  g iv e n  in  F ig u re  7 .2 .
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To f a c i l i t a t e  a n a ly s i s  of th e  d a ta  a t  t h i s  s ta g e  th e  o u tp u t  from  th e  
m ea su rin g  equ ipm ent was fe d  to  a  y - t  c h a r t  r e c o r d e r .  The ty p e  
em ployed was a J  J  L loyd In s tru m e n ts  Type CR 600 h a v in g  in p u t  ran g e s  
up  to  lOOV and c h a r t  sp eed s from  1 mm/min to  TOO mm/min.
7 .3 .2  O th e r M easurem ents
2I n  a d d i t io n  to  th e  m easu rem en t, th e  te m p e ra tu re  and 
a tm o s p h e r ic  p r e s s u r e  w ere a l s o  m easured  and re c o rd e d  u s in g  s ta n d a rd  
in s t r u m e n ts .
7 .4  MEASUREMENTS
2
7 .4 .1  C a l ib r a t i o n  of C^ M easuring  Equipm ent
The equipm ent was c a l i b r a t e d  by m a in ta in in g  each  of th e  th erm o co u p le  
s e n s o r s  a t  d i f f e r e n t ,  b u t known, te m p e ra tu re s  and n o t in g  th e  o u tp u t  
v o l t a g e .  T h is  was a c h ie v e d  by h av in g  one th erm o co u p le  a t  am bien t and 
t h e  o th e r  a t  a  s l i g h t l y  h ig h e r  te m p e ra tu re .  The l a t t e r  was a c h ie v e d  
by p la c in g  th e  th erm ocoup le  above a l a r g e  alum inium  p l a t e ,  w hich 
i t s e l f  was p la c e d  above a s u i t a b l e  h e a t  s o u rc e . The two th e rm o co u p le s  
w ere  p h y s ic a l ly  s e p a r a te d  by a l a r g e  th ic k  p ie c e  o f c a rd b o a rd . The 
te m p e ra tu re  o f each  th erm ocoup le  was m easured  u s in g  a f i n e  p o in t  
d i g i t a l  therm om eter whose s e n s o r  co u ld  be p la c e d  in  v e ry  c lo s e  
p ro x im ity  to  each  of th e  th e rm o c o u p le s . The mean s q u a re  te m p e ra tu re  
d i f f e r e n c e  was m easu red .
The maximum mean sq u a re  te m p e ra tu re  d i f f e r e n c e  m easured  was 2 .2 5 °C , 
w hich g e n e ra te d  an o u tp u t v o l ta g e  of 3.5V and a c o rre s p o n d in g  re a d in g  
on th e  c h a r t  r e c o r d e r .  When th e  two th e rm o co u p le s  w ere p la c e d  i n  
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Figure 7.4 Cn vs. (L—tj»
Thus a g iv e n  v o l ta g e  on th e  c h a r t  r e c o r d e r  r e p r e s e n t s  a  p a r t i c u l a r  
te m p e ra tu re  d i f f e r e n c e  betw een  th e  two th erm o co u p le  te m p e ra tu re  
s e n s o r s .  The c a l i b r a t i o n  c h a r t  d e r iv e d  u s in g  th e  above te c h n iq u e  i s  
g iv e n  i n  F ig u re  7 .3 .
F ig u re  7 .4  g iv e s  a  g rap h  o f te m p e ra tu re  d i f f e r e n c e  vs o b ta in e d  
from  e x p re s s io n  ( 7 .1 )  o r i g i n a l l y  d e r iv e d  i n  C h a p te r  5 ( a p p l i c a b l e  f o r  
a w a v e len g th  of X= 0 .9  pm):
(7 8 .3 2 P  )2  ( t  -  t - ) 2
"n =  = 10 ) - ^ 2 7 3 ------------  ( 7 -1 )
w here P = mean a tm o sp h e r ic  p r e s s u r e  i n  m i l l i b a r s
T = mean a tm o sp h e r ic  te m p e ra tu re  i n  d e g re e s  K e lv in
 ^ te m p e ra tu re  d i f f e r e n c e  betw een  th e  two th erm o co u p le  
s e n s o r s
From F ig u re s  7 .3  and 7 .4  th e  x a x is  on th e  c h a r t  r e c o r d e r  can  be 
c a l i b r a t e d .
7 .4 .3  T e s t  S e t Up f o r  D e te rm in in g  S en so r S pac ing  and C o n f ig u ra t io n
I n  o rd e r  to  m easure  th e  e f f e c t  of d i f f e r e n t  s e n s o r  s p a c in g s  th e  
t u r b u l e n t  a tm osphere  was s im u la te d  by u s in g  an  e l e c t r i c  h o t - p l a t e  
w hose te m p e ra tu re  co u ld  be v a r i e d  and a c c u r a te ly  c o n t r o l l e d .  In  o r d e r  
t o  e n s u re  an even  d i s t r i b u t i o n  o f a i r  te m p e ra tu re  a c ro s s  a  h o r i z o n t a l  
p la n e  a l a r g e  (one  m e tre  s q u a re )  s h e e t  o f 25 mm alum inium  was p la c e d  
o v e r  th e  h o t p l a t e .  F u r th e rm o re , i n  o rd e r  to  a v o id  c ro s s w in d s , a  
c a rd b o a rd  su rro u n d  was e r e c te d  1 .5  m h ig h  a l l  a round  th e  p e r im e te r  o f 
t h e  h o r iz o n ta l  alum inium  p l a t e .  The s e n s o rs  w ere p o s i t io n e d  i n  th e  
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Figure 7.5 Experimental arrangement
u s e  o f a  ch em ica l r e t o r t  s ta n d  and a p p r o p r ia t e  a rm s. A d iagram  o f th e  
a rra n g e m e n t i s  shown i n  F ig u re  7 .5 .
The th erm o co u p le  s e n s o rs  w ere a t ta c h e d  to  a  t h i n  p l a s t i c  ro d  such  t h a t  
t h e i r  sp a c in g  c o u ld  be a l t e r e d  w ith  r e l a t i v e  e a s e .  The s e n s o rs  w ere 
c o n n e c te d  to  th e  a m p l i f i e r  and tim e c o n s ta n t  c i r c u i t  v i a  sc re e n e d  
c a b le .  The o u tp u t  from  th e  a m p l i f i e r  was fe d  v i a  a  mean sq u a re  
c i r c u i t  to  a  y - t  c h a r t ' r e c o r d e r .
The t e s t  s e t - u p  was c a l i b r a t e d  by u s in g  a h ig h ly  s e n s i t i v e  e l e c t r o n i c  
th e rm o m ete r, th e  s e n s o r  o f w hich was v e ry  sm a ll and c o u ld  be lo c a te d  
i n  v e ry  c lo s e  p ro x im ity  to  th e  s e n s o rs  u sed  i n  th e  a c tu a l  e x p e r im e n t.
A second  s im i l a r  th erm o m ete r, w hich had p r e v io u s ly  been  a c c u r a te ly  
c a l i b r a t e d  w ith  r e s p e c t  to  th e  f i r s t ,  was u sed  to  m easu re  th e  
te m p e ra tu re  i n  th e  v i c i n i t y  of th e  second  s e n s o r .
W ith t h i s  a rran g em en t th e  te m p e ra tu re  d i f f e r e n c e  betw een  th e  two 
th erm o m ete r p ro b e s , th e  v o l ta g e  a s  m easured  on th e  c h a r t  r e c o r d e r  and 
th e  s e n s o r  s p a c in g  c o u ld  a l l  be m easu red .
S e n so r sp a c in g s  o f 10 , 50 and 100 mm w ere chosen  a s  b e in g  
r e p r e s e n t a t i v e  of t y p i c a l  s p a c in g s  l i k e l y  to  be u sed  i n  p r a c t i c e .  F or 
e a ch  s e n s o r  sp a c in g  m easurem ents w ere made w ith  and w ith o u t  th e  
100 second  tim e c o n s ta n t  and w ith  th e  s e n s o rs  sp aced  f i r s t  v e r t i c a l l y  
a p a r t  and th e n  h o r i z o n t a l l y  a p a r t .  T h is  r e s u l t e d  i n  a  t o t a l  o f 12 
m easu rem en ts , each  of w hich was m a in ta in e d  f o r  a  p e r io d  o f 10 m in u te s .
2
7 .4 .4  M easurem ent of V a r ia t io n  of w ith  tim e of d ay , tim e  of 
y e a r ,  d i f f e r e n t  l o c a t io n s  and d i f f e r e n t  ground s u r f a c e s .
2
I t  i s  c l e a r l y  im p o r ta n t  to  know how v a r i e s  d u r in g  th e  c o u rs e  
o f  th e  day , o v e r an a n n u a l c y c le ,  and a ls o  w h e th e r  i t  makes any 
d i f f e r e n c e  a s  to  w here a lo n g  th e  o p t i c a l  com m unications sy s tem  p a th
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Figure 7.6 Graph for determining vaiue of Cn' from knowiedge of 
vaiue of and sensor spacing d
2 2 le n g th  th e  i s  m easured  when u s in g  s in g l e  p o in t
m easu rem en ts . In  a d d i t io n  i t  i s  u s e f u l  to  know w hat e f f e c t  d i f f e r e n t
2
ty p e s  of ground s u r f a c e  have on th e  v a lu e  of *
I n  o rd e r  to  o b ta in  answ ers to  th e s e  q u e s t io n s  a  ran g e  of m easurem ent 
program s was e s t a b l i s h e d  w ith  d a ta  o b ta in e d  sp a n n in g  a  t o t a l  o f 
18 m onths from  A p r i l  1984 to  O c to b e r 1985. The m easurem ents made 
in c lu d e d  th e  fo llo w in g :
2
i  M easurem ent o f v a r i a t i o n  d u r in g  th e  day .
2
i i  M easurem ent of d u r in g  th e  day a t  d i f f e r e n t  h e ig h ts  
above g ro u n d .
2
i i i  M easurem ent of peak v a lu e s  a t  i n t e r v a l s  ov er 
18 m onths p e r io d .
2iv  M easurem ent o f a t  d i f f e r e n t  p o in ts  a lo n g  a 500 m
t e s t  r a n g e .
2
V M easurem ent of f o r  d i f f e r e n t  p a th  le n g th s  d u r in g  th e
d ay .
2
v i  M easurem ent of above d i f f e r e n t  ground s u r f a c e s
d u r in g  th e  day .
A l l  th e  m easurem ents w ere made w ith  th e  same m easu rin g  equ ipm en t as  
p r e v io u s ly  d e s c r ib e d .  The m easurem ents w ere made a t  two l o c a t io n s ;  
one was a c e n t r a l  c i t y  l o c a t io n  in  London ( th e  BT H e a d q u a rte rs  a t  
2 -12  Gresham S t r e e t )  and th e  o th e r  was a g r e e n f ie l d  s i t e  a t  
L ang ton  G reen i n  K en t. P e r io d ic  c a l i b r a t i o n  o f th e  m ea su rin g   ^
equ ipm en t was made in  o rd e r  to  e n s u re  c o n s is te n c y  o f r e s u l t s  o v e r  th e  
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Figure 7.8 Measured peak to peak vaiue of output voitage for 
different sensor spacings
7 .5  RESULTS
7 .5 ,1  G en era l
F ig u r e s  7 .6  and  7 ,4  show t h e  c a l c u l a t e d  r e l a t i o n s h i p  b e tw e e n  t h e
2s e n s o r  te m p e ra tu re  d i f f e r e n c e  and th e  s e n s o r  sp a c in g  and
2r e s p e c t i v e ly .  T h is  d a ta  i s  u sed  f o r  d e te rm in in g  th e  v a lu e  of 
f o r  a  g iv e n  te m p e ra tu re  d i f f e r e n c e  and s e n s o r  s p a c in g .
The r e s u l t s  of th e  c a l i b r a t i o n  e x e r c i s e  a re  shown i n  F ig u re  7 .3 .  From 
t h i s  g ra p h  a g iv e n  v o l ta g e  m easured  w ith  a  g iv e n  s e n s o r  sp a c in g  c o u ld  
b e  e q u a te d  to  a  p a r t i c u l a r  te m p e ra tu re  d i f f e r e n c e  ( t^  -  t 2 ) ,  w hich 
i n  t u r n  c o rre sp o n d s  to  a  p a r t i c u l a r  v a lu e  of th e  a tm o sp h e ric  
r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r .
D a ta  from  th e  m easurem ents made to  a s s e s s  s e n s o r  s e p a r a t io n  i s  shown 
i n  F ig u re  7 .7  i n  r e s p e c t  of th e  mean l e v e l s  m easu red . No s i g n i f i c a n t  
d i f f e r e n c e  was m easured  w ith  th e  100 s tim e c o n s ta n t  a p p l ie d  com pared 
w i th  th e  no tim e c o n s ta n t  a rra n g e m e n t. The peak to  peak m easurem ents 
a r e  shown i n  F ig u re  7 .8 .
R e p r e s e n ta t iv e  p l o t s  from  th e  y - t  c h a r t  r e c o r d e r  f o r  d i f f e r e n t  s e n s o r  
s p a c in g s  a r e  shown i n  F ig u re s  7 .9  and 7 .1 0  f o r  v e r t i c a l  and h o r i z o n t a l  
s e n s o r  sp a c in g s  r e s p e c t i v e ly .
The r e s u l t s  from  th e  v a r io u s  c h a r t  r e c o r d e r  p l o t s  a r e  t a b u la te d  i n  
T a b le  7 .1 .
7 .5 .2  D is c u s s io n  of R e s u l ts  w ith  R esp ec t to  S en so r S p ac in g  and 
C o n f ig u ra t io n
The r e s u l t s  show t h a t ,  w i th in  th e  ran g e s  of m easurem ent em ployed, th e  
change in  te m p e ra tu re  d i f f e r e n c e  of th e  two s e n s o rs  when s e p a r a te d  
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Figure 7.9 mean o u t p u t ' v o l t a g e  w it h  s e n s o r s  s p a c e d  .-v e r t ic a l l y  








Figure 7.10 mean o u t p u t  v o l ta g e  w it h  s e n s o r s  s p a c e d  h o r iz o n t a l l y
TABLE 7 .1  SUMMARY OF MEASURED DATA
CONFIGURATION
V e r t i c a l
H o r iz o n ta l
SPACING TIME MEAN 0 /P PEAK TO PEAK
mm CONSTANT VOLTAGE 0 /P  VOLTAGE
s VOLTS VOLTS
200 0 2 .7 5 0 .3 2
100 2 .68 0 .3 1
100 0 2 .3 0 0 .3 0
100 2 .28 0 .3 1
50 0 1 .64 0 .1 4
100 1 .65 0 .1 2
10 0 1 .02 0 .1 2
100 1 .00 0 .1 3
200 0 2 .1 0 0 .3 3
100 2 .18 0 .3 7
100 0 1 .56 0 .3 0
100 1 .56 0 .3 2
50 0 1 .54 0 .2 8
100 1 .53 0 .2 9
10 0 1.56 0 .3 0
100 1.57 0 .3 1
h o r iz o n a l ly  s e p a r a te d  th e r e  i s  l i t t l e  change. The r e s u l t s  when u s in g  
t h e  100 s tim e c o n s ta n t  show l e s s  h ig h  f re q u e n c y  a c t i v i t y ,  as w ould be 
e x p e c te d , a lth o u g h  th e  lo n g  terra  mean l e v e l  and th e  peak  to  peak 
v a r i a t i o n s  a r e  n o m in a lly  th e  same a s  f o r  when no tim e c o n s ta n t  i s  
em ployed .
One can  h y p o th e s is e  t h a t  t h e r e  i s  a  g r a d ie n t  of th e  r e f r a c t i v e  in d ex  
s t r u c t u r e  w ith  h e ig h t  above th e  ground ( o r  h e a t  p l a t e  i n  th e  c a s e  of 
t h i s  e x p e rim e n t)  and t h a t  i n  each  f i n i t e  s tr a tu m  above th e  g round  th e  
r e f r a c t i v e  in d e x  s t r u c t u r e  p a ra m e te r  i s  s e n s ib ly  c o n s ta n t .  (T h is  i s  
d e c id e d ly  th e  c a se  i n  th e  e x p e rim e n t s in c e  i t  was a rra n g e d  to  be so  by 
em ploying  th e  one m e tre  sq u a re  alum inium  p l a t e  and th e  a v o id a n c e  of
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c ro s s w in d s .)  I t  fo llo w s  t h e r e f o r e  t h a t  one would n o t e x p e c t any 
s i g n i f i c a n t  d i f f e r e n c e  i n  te m p e ra tu re  when th e  s e n s o rs  a r e  sp aced  
h o r i z o n t a l l y .
F o r v e r t i c a l  s e p a r a t io n  o f th e  s e n s o rs  i t  was o b se rv e d  t h a t  th e  peak
2
v a r i a t i o n  of (tj^ -  t.2 ) d e c re a s e d  w ith  d e c re a s in g  s e n s o r  sp a c in g  
i n  a  s im i l a r  m anner to  th e  mean v a lu e  of ( t^  -  12 ) . However i n  
t h e  c a se  o f h o r iz o n ta l  s e p a r a t io n  of th e  s e n s o rs  t h e r e  was no 
s i g n i f i c a n t  change o b se rv ed  i n  th e  m agn itude  of th e  peak to  peak
v a r i a t i o n s  of (tj^ -  t £ ) ^ .
7 .5 .3  Time C o n s ta n t
I t  was to  be e x p e c te d  t h a t  as  th e  tim e  c o n s ta n t  was in c r e a s e d  th e
p e a k s  and r a p id  h ig h  f re q u e n c y  f lu c t u a t io n s  would be av e ra g e d  o u t
r e s u l t i n g  in  a  much sm oo ther c h a r a c t e r i s t i c .  The tim e c o n s ta n t
em ployed on any p a r t i c u l a r  o c c a s io n  i s  a  f u n c t io n  o f th e  p a r t i c u l a r  
2
C^ c h a r a c t e r i s t i c  b e in g  s tu d i e d .
I r r e s p e c t i v e  of w h e th e r  th e  peaks a re  a v e rag ed  o u t o r  n o t ,  th e  r e s u l t s
show t h a t  b o th  th e  mean l e v e l  and th e  peak to  peak v a r i a t i o n s  of 
2
C^ rem ained  much th e  same as  th o s e  shown in  F ig u re s  7 .7  and 7 .8 .
I n  p r a c t i c e  a  100 s tim e c o n s ta n t  was c o n s id e re d  to  be a  good
com prom ise i n  t h a t  i t  was s u f f i c i e n t l y  lo n g  to  s u p p re s s  th e  h ig h
2
f re q u e n c y  f l u c t u a t io n s  b u t s h o r t  enough f o r  th e  f l u c t u a t i o n s  
t o  be a d e q u a te ly  c o r r e la t e d  w ith  th e  w o rs t c a se  e r r o r  r a t e  
m easurem ents ( s e e  C h a p te r  8 ) .
2
7 .5 .4  F ie ld  M easurem ents -  The N a tu re  o f 0^  ^ V a r ia t io n s  
A whole range  of m easurem ent r e s u l t s  w ere o b ta in e d  d u r in g  th e  c o u rs e  
o f  an 18 m onth m easurem ent programme ru n n in g  from  A p r i l  1984 to  
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Figure 7.12 Cn  ^ Measurement results — during a period of 
maximum turbulence (probes spaced 100mm 
apart vertically and 0.75 m above surface)
th e  m easured d a ta  h as  been  c a te g o r i s e d  so as  to  p ro v id e  answ ers to  
s p e c i f i c  q u e s t io n s .
The a rra n g e m e n ts  w ere a s  fo llo w s :
Equipm ent lo c a te d  a t  2 -12  Gresham S t r e e t ,  London, w ith  th e  
s e n s o r s  m ounted 0 .7 5  m above th e  ground s u r f a c e  on th e  e a s t  s id e  
o f  th e  b u i ld in g .  M easurem ents w ere made a t  v a r io u s  tim es  of th e  
y e a r .  The r e s u l t s  shown a r e  th e  w o rs t c a se  d a ta  i e  maximum 
m easured  tu rb u le n c e  -  t h e  o b je c t  b e in g  to  show th e  d ra m a tic  
v a r i a t i o n s  w hich c l e a r l y  can o cc u r even i n  th e  UK.
Nom inal te m p e ra tu re  a t  1200 h rs  = 295°K
Nom inal a tm o sp h e ric  p r e s s u r e  = 1023 m i l l i b a r s
W eather c o n d it io n s  warm, c l e a r  sk y , no wind
C h a rt r e c o r d e r  s e t t i n g s  of 10 m m /m in(t) and lOV/200 mm (x ) w ere 
em ployed .
The w o rs t c a se  r e s u l t s  m easured  a r e  shown in  F ig u re  7 .1 1 .  I t  can  be 
s e e n  t h a t  th ey  a re  q u i t e  d ra m a tic  w ith  c o n s id e ra b le  a c t i v i t y  
th ro u g h o u t th e  day a l b e i t  to  a l e s s e r  e x te n t  as  th e  sun  moved around  
su ch  t h a t  t h e r e  was no d i r e c t  s u n l ig h t  on th e  th erm o co u p le  p ro b es  
( i e  a f t e r  1350 h r s ) .  A t y p i c a l  d e t a i l e d  s e c t io n  o f th e  o u tp u t  from  
th e  c h a r t  r e c o rd  on a n o th e r  day d u r in g  a p e r io d  o f maximum tu rb u le n c e  
i s  g iv e n  in  F ig u re  7 .1 2 .  T here  a r e  c l e a r l y  p e r io d s  of in te n s e  
tu rb u le n c e  w ith  r e a c h in g  v a lu e s  in  e x c e s s  o f 10"^^ m "^/^  
f o r  s h o r t  p e r io d s  as much as 8 tim e s  an h o u r . A c t iv i ty  a t  
= 10 m a p p e a rs  to  be common f o r  as  much as 
30 m in u te s  i n  any hour d u r in g  th e  p e r io d  up to  1350 h r s .  On th e  o th e r  
hand th e r e  a r e  a ls o  p e r io d s  o f co m p le te  calm , i e  no tu rb u le n c e  a s  
r e p r e s e n te d  by = 10“ ^^ f o r  up to  ab o u t 20 m in u te s
i n  an h o u r .
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Figure 7.13 Cn  ^measurement results 
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As th e  sun  d is a p p e a rs  o f f  th e  s e n s o rs  and th e  s u r f a c e  of th e  g ro u n d , 
th e  amount of tu rb u le n c e  g r a d u a l ly  d e c re a s e s ,  w ith  th e  l e v e l  o f 
a c t i v i t y  becom ing m inim al w ith x o n ly  a r e l a t i v e l y  few p e r io d s  of 
a c t i v i t y  up to  5 x 10 m f o r  j u s t  a  few m in u tes  in  any h o u r . 
A lm ost 6 m o f p r in t o u t  was o b ta in e d  p e r  day w ith  th e  c h a r t  r e c o r d e r  
ru n n in g  a t  10 m m /m inute.
7 .5 .5  The V a r ia t io n  o f w ith  A l t i tu d e
Equipm ent was as f o r  P a ra  7 .5 .4  b u t  lo c a te d  on 6 th  f l o o r  of
2 -1 2  Gresham S t r e e t  w ith  th e  s e n s o rs  p r o tr u d in g  0 .3  m o u t of a  window,
A l t i t u d e  above th e  ground was 20 m.
Nom inal te m p e ra tu re  a t  1200 h r s  = 2 9 3 .5®K
N om inal a tm o sp h e r ic  p r e s s u r e  = 1020 m i l l i b a r s
W eather c o n d it io n s  warm, s l i g h t l y  c loudy
(5 o c ta r e s )  s l i g h t  b re e z e
D u ra tio n  of m easurem ent 0900-1610 h rs
Due to  th e  red u ced  a c t i v i t y  s lo w e r c h a r t  r e c o r d e r  s e t t i n g s  of 
2 and 5 m m /m in(t) w ere u s e d . The (y )  s e n s i t i v i t y  was as f o r  r e s u l t s  
i n  P a ra  7 .5 .4 .
The r e s u l t s  o b ta in e d  a t  an a l t i t u d e  of 20 m above ground  a r e
s i g n i f i c a n t l y  d i f f e r e n t  to  th o s e  d is c u s s e d  i n  P a ra  7 .5 .4  w ith  v e ry
l i t t l e  a c t i v i t y  o v e r th e  w hole of th e  d ay . A c t iv i ty  i s  t y p i f i e d  by a
few  peaks o f 2 -4  x 10 m f o r  ab o u t a  second  o r  so  d u r in g  an
h o u r , w ith  v e ry  o c c a s io n a l  peaks to  around  6 x 10” ^^
F ig u re  7 .1 3  shows a t y p i c a l  p o r t i o n  of th e  o u tp u t  from  th e  c h a r t
r e c o r d e r .  The c h a r t  r e c o r d e r  was run  a t  5 mm/min up u n t i l  1310 and
t h e r e a f t e r  a t  2 mm/min g e n e ra t in g  a t o t a l  o f 2 m of p r i n t o u t  f o r  th e
d a y . The r e s u l t s  s u g g e s t  t h a t  t h e r e  i s  some a l t i t u d e  dependence  o f 
2
b u t i t  was n o t p o s s ib le  to  p u rsu e  i n v e s t i g a t i o n  o f t h i s  a s p e c t
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Figure 7.14 Variation of Cn' with path length (uniform grass surface)
a s  p a r t  of t h i s  t h e s i s  due to  th e  u n a v a i l a b i l i t y  o f m easu rin g  p o in ts
a t  d i f f e r e n t  a l t i t u d e s .  V a rio u s  r e s e a r c h e r s  have a lr e a d y  p u b lis h e d
r e s u l t s  on t h i s  t o p ic  as  a lr e a d y  d is c u s s e d  i n  C h a p te r  5 and  th e
l im i t e d  r e s u l t s  o b ta in e d  from  t h i s  p a r t i c u l a r  m easurem ent a p p e a r  to
s u p p o r t  th e  g e n e r a l ly  a c c e p te d  p rem ise  t h a t  t h e r e  i s  an a l t i t u d e
2
dependence  f a c t o r  i n  .
27 .5 .6  F ie ld  M easurem ents -  The V a r ia t io n  of A long th e  System  
P a th  L ength
2
F o r th e  com parison  o f th e  v a r i a t i o n  o f e r r o r  r a t e  w ith  to  be
c o n s id e re d  i n  C h a p te r  8 i t  i s  o b v io u s ly  n e c e s s a ry  to  m easu re  th e  v a lu e
2 2 o f  C^ . The q u e s t io n  a r i s e s  as  to  w h e th e r  C^ needs to  be
m easured  a l l  a lo n g  th e  sy stem  p ro p a g a tio n  p a th  o r  w h e th e r  a  s in g l e
2
p o in t  m easurem ent o f C^ i s  a c c e p ta b le .  A c c o rd in g ly  i n  t h i s
2
p a r t i c u l a r  s e r i e s  o f m easurem ents th e  v a lu e  o f C^ was m easured  a t  
d i f f e r e n t  p o in t s  a lo n g  th e  p r o p a g a t io n  p a th  a l l  w i th in  a few m in u tes  
o f  each  o th e r  and th e n  r e p e a te d  a t  i n t e r v a l s  d u r in g  th e  c o u rs e  o f th e  
d a y . The m easurem ents w ere made a t  th e  Speeds Farm t e s t  s i t e  a t  
L ang ton  G reen , K en t, o v e r a  t e s t  ran g e  of 500 m c o m p ris in g  a  u n ifo rm  
g r a s s  s u r f a c e .
A summary of th e  m easurem ents a t  two p a r t i c u l a r  tim e  i n s t a n t s ,  0800
and 1300 h r s ,  i s  shown in  F ig u re  7 .1 4 .  The v a lu e  o f C^ m easu red
a t  any p a r t i c u l a r  tim e  f l u c t u a t e s  somewhat as  i n d ic a te d  i n  th e  r e s u l t s
d i s c u s s e d  in  P a ra  7 .5 .4 .  N e v e r th e le s s  a l l  th e  m easurem ents w ere made
a t  each  of th e  m easurem ent p o in ts  0 ,  100, 200 , 3 00 , 400 and  500 m
from  th e  t r a n s m i t t e r ,  ta k in g  th e  av e ra g e  v a lu e  i n  each  c a se  w i th in
a p p ro x im a te ly  a tim esp a n  o f j u s t  15 m in u te s . The r e s u l t s  shown in
F ig u re  7 .1 4  show t h a t  f o r  a  u n ifo rm  ground s u r f a c e  ( i n  t h i s  c a s e  s h o r t
• 2
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Figure 7.15 Variation of Cn  ^with time measured 1m above tarmac 
and grass surfaces.
l i m i t s  of e x p e r im e n ta l  e r r o r ) . M oreover, t h i s  a p p e a rs  to  be th e  c a se
2
i r r e s p e c t i v e  of th e  tim e  of day and m agn itude  of .
The im p l ic a t io n  i s  t h e r e f o r e  t h a t ,  f o r  a  u n ifo rm  s u r f a c e ,  i t  does n o t
2
m a t te r  w here a lo n g  th e  p ro p a g a t io n  p a th  i s  m easu red , and t h a t
one m easurem ent a t  any re a s o n a b le  p o in t  a lo n g  th e  p a th  would be
2
r e p r e s e n t a t i v e  of th e  v a lu e  of anyw here a lo n g  th e  p a th  ( a l b e i t
w i th in  th e  l i m i t s  o f norm al e x p e r im e n ta l  e r r o r ) . S u f f i c i e n t
m easurem ents w ere made a t  d i f f e r e n t  p o in ts  a lo n g  th e  p a th  and on
d i f f e r e n t  ground s u r f a c e s ,  to  s u g g e s t  t h a t  th e  ty p e  o f ground s u r f a c e ,
p ro v id e d  i t  i s  th e  same th ro u g h o u t th e  p ro p a g a t io n  p a th  le n g th ,  does
2n o t  a f f e c t  th e  c o n c lu s io n  t h a t  rem ain s  s e n s ib ly  c o n s ta n t
i r r e s p e c t i v e  of w here m easured  a lo n g  th e  p ro p a g a t io n  p a th  ( s e e  P a ra  
7 . 5 . 7 ) .
27 .5 .7  F ie ld  M easurem ents -  E f f e c t  on V a r ia t io n  o f o f 
D i f f e r e n t ,  Ground S u r fa c e s
I t  i s  n e c e s s a ry  to  know w hat e f f e c t  th e  ty p e  of ground s u r f a c e  h as  on 
2th e  v a lu e  of . O b v iously  th e r e  a r e  many ty p e s  o f ground 
s u r f a c e  w hich m igh t a p p e a r  b e n e a th  th e  p ro p a g a t io n  p a th  of an o p t i c a l  
l i n e  of s ig h t  sy s te m . M easurem ents w ere made, how ever, o v e r  two 
ty p e s  of ground s u r f a c e  commonly e n c o u n te re d  i n  p r a c t i c e  nam ely ta rm ac  
and  g r a s s .  The r e s u l t s  f o r  th e  m easurem ent of 1 m above each  
o f  th e s e  s u r f a c e s  was m easured  d u r in g  th e  c o u rs e  o f th e  same day and 
th e  d a ta  i s  shown in  F ig u re  7 .1 5 .
I t  can  be c l e a r l y  se en  t h a t  t h e r e  i s  a  d i s t i n c t i o n  betw een  th e  two 
ground  s u r f a c e s .  Tarmac has  a  g r e a t e r  c a p a c i ty  f o r  r e t a i n i n g  h e a t  
th a n  g r a s s ,  w ith  th e  c o n s e q u e n t ia l  r e s u l t  t h a t  th e  v a lu e  o f i s  
g e n e r a l ly  g r e a t e r  when th e  s u r f a c e  i s  ta rm ac  r a t h e r  th a n  g r a s s .  The 
maximum d i f f e r e n c e  m easured  a t  any tim e as  p a r t  of t h i s  program  was 






















Figure 7.16 Measured monthly data for Cn‘ and temperature
of th e  o rd e r  of m agn itude  of d i f f e r e n c e .  In  any c a se  th e  r e s u l t s
a p p e a r  to  co n firm  t h a t  s u r f a c e s  w hich have a h ig h  th e rm a l mass g iv e
r i s e  to  a  g r e a t e r  d e g re e  o f tu rb u le n c e  and hence  h ig h e r  v a lu e  of 
2 . T h is  a s se ssm e n t i s  p u re ly  q u a l i t a t i v e ;  f u l l  q u a n t i f i c a t i o n  
o f  th e  d i f f e r e n c e  a r i s i n g  from  d i f f e r e n t  ty p e s  o f ground s u r f a c e  i s  
o u t s id e  th e  scope  of t h i s  r e s e a rc h  a c t i v i t y .
7 .5 .8  F ie ld  M easurem ents -  E f f e c t  of V a r ia t io n  o f w i th  Time 
o f  Y ear
I t  i s  r e a d i ly  a p p a re n t  from  th e  d is c u s s io n  i n  p re v io u s  c h a p te r s  t h a t  
t h e  l e v e l  o f tu rb u le n c e  i s  p r im a r i ly  a  f u n c t io n  o f th e  te m p e ra tu re  
d i f f e r e n c e  betw een  a d ja c e n t  'p a r c e l s '  of a i r  and t h a t  th e s e  i n  tu r n  , 
a r e  a  f u n c t io n  o f th e  am bien t a i r  te m p e ra tu re . In  o r d e r  to  d e te rm in e
t h i s  c o r r e l a t i o n  and th e  o rd e r  o f m agnitude of th e  v a r i a t i o n  i n
2 9d u r in g  th e  c o u rs e  of a  y e a r ,  m easurem ents o f and
te m p e ra tu re  w ere made o v e r a  p e r io d  o f 18 m onths from  A p r i l  1984
th ro u g h  to  O c to b e r 1985. The r e s u l t s  a r e  shown in  F ig u re  7 .1 6 .  The
u p p e r  p a r t  of th e  f ig u r e  shows th e  v a r i a t i o n  i n  a i r  te m p e ra tu re
m easured  a t  a  h e ig h t  of 1 m above th e  g ro u n d . In  p a r t i c u l a r  t h r e e
te m p e ra tu re  p l o t s  a r e  shown r e p r e s e n t in g  th e  a b s o lu te  maximum m easured
a t  any tim e d u r in g  th e  m onth, th e  a b s o lu te  minimum and th e  d a i l y
a v e ra g e  v a lu e  a v e rag ed  o v e r  th e  w hole m onth. The lo w er p a r t  o f th e
O
f i g u r e  shows th e  c o rre sp o n d in g  v a r i a t i o n s  i n  . As f o r
te m p e ra tu re ,  th e  a b s o lu te  maximum and minimum v a lu e s  of
m easured  d u r in g  each  month a r e  shown, to g e th e r  w ith  th e  d a i ly  mean 
2
v a lu e  of av e ra g e d  o v e r  a m onth.
The te m p e ra tu re  r e s u l t s  show th e  e x p e c te d  a n n u a l c y c l i c a l  v a r i a t i o n  i n  
te m p e ra tu re .  Of p a r t i c u l a r  n o te  a re  th e  p a r t i c u l a r l y  c o ld  m onths of 
J a n u a ry  and F eb ru ary  1985 and th e  l e s s  th a n  h o t summer i n  J u ly  and 
A ugust 1985. O bv iously  w i th in  th e  a b s o lu te  maximum and minimum
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te m p e ra tu re  v a lu e s  shown a re  th e  norm al d iu r n a l  te m p e ra tu re  
v a r i a t i o n s .
2
The v a r i a t i o n s  d u r in g  th e  c o u rse  o f th e  m easurem ent program
a ls o  fo llo w e d  an  a n n u a l c y c le  p e ak in g  in  J u ly /A u g u s t  and b e in g  a t  a
minimum in  J a n u a r y /F e b ru a r y . In  th e  l a t t e r  th e  v a lu e  o f i s  so
low a t  10 m t h a t  one can  say  t h a t  th e  l e v e l  o f tu rb u le n c e
i s  a lm o st t r i v i a l  such  t h a t  i t  can  a lm o s t be ig n o re d . As was th e  c a se
w i th  th e  te m p e ra tu re  m easurem ents th e r e  i s  a ls o  a d iu r n a l  v a r i a t i o n  o f 
2
as  a lr e a d y  d is c u s s e d  i n  P a ra  7 .5 .4  w hich means t h a t  a t  any
p a r t i c u l a r  i n s t a n t  on any p a r t i c u l a r  day in  a  g iv e n  m onth th e  v a lu e  of 
2
may be anyw here betw een  th e  a b s o lu te  maximum and minimum 
v a lu e s  shown.
The r e l a t i o n s h i p  and c o rre sp o n d e n c e  betw een th e  v a r i a t i o n  of 
2te m p e ra tu re  and d u r in g  th e  c o u rs e  o f a  y e a r  i s  c l e a r  to  s e e  
from  F ig u re  7 .1 6 ,  a lth o u g h  in  view  of th e  th e o ry  and o th e r  d a ta  
a l r e a d y  d i s c u s s e d ,  i t  i s  n o t p a r t i c u l a r l y  s u r p r i s i n g .  The 
s ig n i f i c a n c e  o f th e  v a r i a t i o n  w ith  r e s p e c t  to  a tm o sp h e r ic  o p t i c a l  
com m unication  system s p e rfo rm an ce  i s  d is c u s s e d  in  C h a p te r  8 .
7 .6  CONCLUSIONS
2I t  i s  conc luded  t h a t  f o r  C^ m easurem ents th e  s e n s o rs  sh o u ld  g e n e r a l ly  
be sp a ce d  v e r t i c a l l y .  The optimum s p a c in g  i s  c o n s id e re d  to  be o f th e  o r d e r  
o f 100 mm, n o t b e c au se  s h o r t e r  sp a c in g s  would g iv e  i n t r i n s i c a l l y  e rro n e o u s  
r e s u l t s ,  b u t b e cau se  th e  l a r g e r  th e  s p a c in g  th e  g r e a t e r  i s  th e  v a lu e  o f 
(%! -  t 2>^ and hence  th e  g r e a t e r  th e  s ig n a l /n o i s e  r a t i o  w i th  
c o n s e q u e n t ia l  red u ced  demands on th e  s e n s i t i v i t y  o f th e  a s s o c i a te d  
e l e c t r o n i c s .  S pacings much g r e a t e r  th a n  100 mm c o u ld  exceed  th e  o u te r  
s c a l e  of tu rb u le n c e  w hereupon th e  C^ fo rm u la  would be l e s s  l i k e l y  to
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a p p ly . The m easu rin g  equipm ent d e s c r ib e d  a p p e a rs  to  be c a p a b le  of 
ia s u r in g  v<
10-12 m -2/3 ,
m ea su ri a lu e s  o f r i g h t  a c ro s s  th e  w hole range  10” ^^ to
The u se  of a  tim e  c o n s ta n t  o f th e  o rd e r  o f 100 s g iv e s  a  sm oothed o u tp u t
and i s  t h e r e f o r e  ad v an ta g e o u s  e s p e c i a l l y  i n  d e te rm in in g  th e  mean v a lu e  of 
2
a t  any p a r t i c u l a r  t im e , b u t th e  u se  o f a  tim e c o n s ta n t  does n o t 
a p p e a r  to  be e s s e n t i a l  i f  on ly  m ag n itu d es  o f v a r i a t i o n s  a r e  to  be 
m o n ito re d . T h is  a c co rd s  w ith  th e  f in d in g s  o f T a t a r s k i i  [ 7 .2 ] .
The c o n c lu s io n s  w hich can  be drawn from  th e  r e s u l t s  o b ta in e d  d u r in g  th e  
18 m onth m easurem ent programme a r e : —
a .  The amount o f tu rb u le n c e  d e c re a s e s  w ith  th e  d i s t a n c e  above ground 
o r  o th e r  s u r f a c e ,  eg ro o f  to p , s u p p o r t in g  th e  f in d in g s  of o th e r  
w o rk e rs  such  as  Oochs and Law rence [ 5 .1 4 ] .
2
b . The g e n e ra l  v a lu e  of c o rre s p o n d in g  to  m inim al tu rb u le n c e  
v a r i e s  c o n s id e ra b ly  depend ing  on th e  tim e  of y e a r  b u t i s  t y p i c a l l y  
o f  th e  o rd e r  of 10” ^^ to  10"^^ m "^ /3 .
c .  C lo se  to  th e  g ro u n d , i e  w i th in  1 m, and a t  tim es  o f h ig h  am bien t 
te m p e ra tu re ,  tu rb u le n c e  can  be c o n s id e ra b le  -  su ch  t h a t
= 10 m on o c c a s io n s .
d . I n te n s e  tu rb u le n c e  g iv e s  r i s e  to  c o n s id e r a b le  a c t i v i t y  and 
f l u c t u a t io n s  betw een  10” ^^ and 10” ^^ T h is  i s  in
c o n t r a s t  to  th e  r e s u l t s  o f many o th e r  w orkers eg C l i f f o r d  e t  a l  [ 7 .1 ] ,  
who have p u b lis h e d  t h e i r  r e s u l t s  show ing g ra d u a l  ch a n g es , b u t f u l l y  i n  
a c c o rd  w ith  th o s e  o f T a t a r s k i i  [ 7 . 2 ] .  T h is  i s  th o u g h t t o  be s o le ly  
due to  th e  tim e co n st a n t / a v e ra g in g  te c h n iq u e s  em ployed; few w orkers  
have a c tu a l l y  g iv e n  any g r e a t  d e t a i l  on t h i s  a s p e c t  i n  t h e i r  p u b lis h e d  
p a p e rs .
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The g ra d u a l  d iu r n a l  v a r i a t i o n  o b se rv ed  by C l i f f o r d  e t  a l  i s  m a n ife s te d  
a s  a  r e d u c t io n  i n  th e  number of peaks i n  th e  r e s u l t s  r e p o r te d  i n  t h i s  
c h a p te r .  I t  may be t h a t  m ost o th e r  w orkers have i n te g r a t e d  t h e i r  
r e s u l t s  o v e r  much g r e a t e r  tim e  p e r io d s  th u s  y ie ld in g  g ra d u a l  ch an g es . 
C le a r ly  c o n s id e r a t io n  m ust be g iv e n  to  w h e th e r  th e  i n te n s e  
f l u c t u a t i o n s  need  to  be re c o rd e d  f o r  some re a s o n  -  i f  th ey  do n o t  th e n  
a lo n g  tim e c o n s ta n t  may be em ployed.
e .  G iven a u n ifo rm  s u r f a c e  i n  a  p a r t i c u l a r  l o c a l i t y  i t  a p p e a rs  t h a t
2t h e  v a lu e  of C^ i s  s e n s ib ly  c o n s ta n t  a t  a l l  p o in ts  a lo n g  
p r o p a g a t io n  p a th s  o f up to  500 m i n  l e n g th .  C le a r ly  t h i s  may n o t be 
t h e  c a s e  i f  t h e r e  a r e  any re a s o n s  why th e  l e v e l  o f tu rb u le n c e  sh o u ld  
v a ry ,  f o r  i n s t a n c e ,  due to  l o c a l  w ind speed  v a r i a t i o n s ,  in c r e a s e d  h e a t  
s o u rc e s  (eg  h e a t in g  and v e n t i l a t i n g  p l a n t s ) ,  v a r i a t i o n  o f ty p e  o f 
g round  s u r f a c e  e t c .
f .  The n a tu r e  of th e  ground s u r f a c e  a f f e c t s  th e  m easured  v a lu e  of 
C ^^. F o r i n s ta n c e  d i f f e r e n c e s  o f as much as 5.10"’ ^^ m” ^^^
w ere m easured  betw een  ta rm ac  and g r a s s  s u r f a c e s  when peak  l e v e l s  of 
tu rb u le n c e  a r e  b e in g  e x p e r ie n c e d . T h is  r e f l e c t s  th e  p o in t  made i n  th e  
p re v io u s  p a ra g ra p h  r e g a rd in g  d i f f e r e n t  ground s u r f a c e s  g iv in g  r i s e  to  
d i f f e r e n t  m ag n itu d es  of tu rb u le n c e .
2g . D uring  th e  c o u rs e  o f a  y e a r  th e  maximum m easured  v a lu e  o f C^
2a v e ra g e d  o v e r a  m onth v a r i e s  c o n s id e r a b ly .  Maximum v a lu e s  o f C^ 
o f th e  o rd e r  of 10 m a r e  o b se rv ed  d u r in g  th e  h o t summer 
m on ths , t y p i c a l l y  Ju n e , J u ly  and A ugust, w hereas th e  minimum v a lu e s  of 
t h e  o r d e r  of 10 m o c c u r d u r in g  th e  c o ld e s t  m onths, 
t y p i c a l l y  December, Ja n u a ry  and F e b ru a ry .
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h . The d e s ig n  of m easu rin g  equ ipm ent employed and th e  u s e  o f Type T 
th e rm o co u p le s  a p p e a rs  to  be more th a n  a d e q u a te  i n  term s of s e n s i t i v i t y  
and te m p o ra l r e s o l u t i o n  f o r  th e  p u rp o se  of t h i s  t h e s i s .
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MEASUREMENTS OF ERROR RATE 
AND REFRACTIVE INDEX STRUCTURE 
PARAMETER ON A 2 MBIT/S ATMOSPHERIC 




MEASUREMENTS OF ERROR RATE AND REFRACTIVE INDEX STRUCTURE PARAMETER (C 
ON A 2 MBIT/S ATMOSPHERIC OPTICAL LINE OF SIGHT LINK
8 .1  INTRODUCTION
C h a p te r  6 gave a h y p o th e s is  f o r  th e  r e l a t i o n s h ip  betw een  th e  e r r o r  r a t e  of 
a  d i g i t a l  a tm o sp h e ric  o p t i c a l  com m unication  system  and th e  a tm o sp h e ric  
r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r .  T h is  c h a p te r  g iv e s  d e t a i l s  of 
p r a c t i c a l  m easurem ents made o v e r  th e  p e r io d  A p r i l  198 4 -O cto b er 1985, th e
o b je c t  of w hich was to  check th e  v a l i d i t y  of th e  ab o v e-m en tio n ed
h y p o th e s i s .
8 .2  OPTIMUM BIT RATE OF SYSTEM OPERATION FOR THE MEASUREMENT PROGRAM 
F a c to r s  ta k e n  in to  a c c o u n t i n  d e c id in g  a t  w hat b i t  r a t e  th e  l i n e  o f s ig h t  
sy stem  sh o u ld  o p e ra te ,  in  th e  f i r s t  in s ta n c e  w e re :-
a .  l i k e l y  e r r o r  r a t e  o f system  and a v a i l a b i l i t y  o f t e s t  equ ipm ent to
m easu re  th e  e r r o r  r a t e
b . tim e f o r  d e te c t io n  o f e r r o r s
2c .  d u r a t io n  o f t r a n s i e n t  a c t i v i t y  of C^ .
I t  was o b se rv ed  from  th e  p re l im in a r y  r e s u l t s  r e p o r te d  i n  C h a p te r  7 t h a t ,  
d u r in g  h ig h ly  a c t iv e  p e r io d s  o f tu rb u le n c e ,  th e  v a r i a t i o n  o f C^^ w ith  
tim e  i s  c o n s id e r a b le .  In  p a r t i c u l a r  i t  was o b se rv ed  t h a t  th e  v a lu e  of
C^^ c o u ld  change from  a v a lu e  of a round  10“ ^^ to  a round
10 m in  as  l i t t l e  a s  0 .5  s e c  and t h a t  i t  m igh t s ta y  as  h ig h  as
10 m f o r  a s  l i t t l e  as 0 .5  s e c .
Now in  o rd e r  to  be a b le  to  c o r r e l a t e  th e  C^^ a c t i v i t y  w ith  e r r o r  r a t e  
v a r i a t i o n s  i t  i s  e s s e n t i a l  t h a t ,  d u r in g  th e  p e r io d s  o f r a p id  C^^ change, 
an  a d e q u a te  number of e r r o r s  sh o u ld  be d e te c te d  ( i t  h as  to  be assum ed t h a t  
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Figure 8,1 Error rate vs. time duration between errors for systems 
operating at different bit rates
Now i f ,  f o r  th e  sak e  of a rgum en t, i t  i s  assumed t h a t  th e  minimum number of 
e r r o r s  to  be co u n ted  in  o rd e r  to  be a b le  to  o b ta in  re a s o n a b ly  a c c u r a te  
r e s u l t s  i s  5 f o r  a change of from  10” ^^ to  10""^^ and
l e t  i t  a ls o  be assum ed t h a t  th e  minimum d u r a t io n  f o r  such  a change i s  
0 .5  s e c s .  I t  fo llo w s  th e r e f o r e  t h a t  5 e r r o r s  in  0 .5  seconds c o rre sp o n d s  
t o  10 e r r o r s  in  1 second  and t h e r e f o r e  th e  tim e  betw een  e r r o r s ,  assum ing 
l i n e a r  e r r o r  d i s t r i b u t i o n  w ith  t im e , i s  0 .1  s e c .
F ig u re  8 .1  shows th e  tim e  betw een e r r o r s  assum ing e q u a l tim e  d i s t r i b u t i o n  
be tw een  them f o r  d i f f e r e n t  system s o p e ra t in g  w ith  v a r io u s  e r r o r  r a t e s  and 
o p e r a t in g  b i t  r a t e s .  I t  can  be r e a d i ly  o b se rv ed  t h a t  a  64 k b i t / s  system  
would have an e r r o r  r a t e  of 1 .1 0 “ ^ i f  th e  tim e i n t e r v a l  be tw een  e r r o r s  
was 0 .1  s e c .  T ab le  8 .1  g iv e s  r e p r e s e n ta t i v e  exam ples f o r  t h r e e  d i f f e r e n t  
s y s te m s .
1 System  
1 B i t  R ate
E r ro r
R a te
No. of 




E r ro r s
1 140 M b it/s 1 .1 0 -3 1 .4  X 10^ 7 .1 4  ys
1 .1 0 -6 140 7 .1 4  ms
1 .1 0 -9 0 .1 4 7 .1 4  s
1 2 M b it/s 1 .1 0 -3 2 X 10-3 0 .5  ms
1 .1 0 -6 2 0 .5  s
1 .1 0 -9 0 .002 500 s
1 64 k b i t / s 1 .1 0 -3 64 15.6 X 10-3 s
1 .1 0 -6 0 .064 15.6 s
1 .1 0 -9 6 .4  X 10-3 15.6  X lo3  s
T a b le  8 .1  E r ro r s  p e r  second  and tim e betw een e r r o r s  f o r  d i f f e r e n t  sy stem s 
and v a ry in g  e r r o r  r a t e s
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F o r th e  p u rp o se s  of t h i s  m easurem ent program  th e  background e r r o r  r a t e
w h i l s t  i s  m inim al a t  a round  10” #2/ 3  does n o t n e c e s s a r i ly
have to  be n e g l ig ib ly  s m a l l .  The c h o ic e  of b i t  r a t e  of o p e ra t io n  depends
p a r t l y  on th e  number o f e r r o r s  i t  i s  d e s i r e d  to  m easure  d u r in g  p e r io d s  of
low  a c t i v i t y  (eg  a ls o  fo llo w s  t h a t
t h e  h ig h e r  th e  e r r o r  coun t f o r  a  g iv e n  e r r o r  r a t e  f o r  a  g iv e n  p e r io d  o f
tim e  th e  more a c c u r a te  a r e  th e  o v e r a l l  m easurem ents l i k e l y  to  b e . I t  may
be con c lu d ed  t h e r e f o r e  t h a t ,  f o r  th e  p u rp o se s  of r e l a t i n g  e r r o r  r a t e
2p e rfo rm an ce  to  v a r i a t i o n  i n  , i t  i s  ad v an tag eo u s  to  o p e ra te  a t  th e  
h ig h e s t  b i t  r a t e  p o s s ib le  c o n s i s t e n t  w ith  any p r a c t i c a l / o p e r a t i o n a l  
c o n s id e r a t io n s .
The i n t e r n a t i o n a l l y  a g re e d  s ta n d a rd  d i g i t a l  h i e r a r c h i c a l  l e v e l s  a r e  d e f in e d  
up to  565 M b it /s ,  however i n  p r a c t i c e  o p t i c a l  l i n e  o f s ig h t  system s 
o p e r a t in g  a t  speeds of 140 o r  565 M b it/s  a re  n o t commonly employed s i n c e : -
-  such  h ig h  c a p a c i t i e s  a r e  n o t n o rm a lly  r e q u i r e d  f o r  s h o r t  h a u l 
a p p l i c a t i o n s
-  th e  sp a c in g  betw een  th e  t r a n s m i t t e r  and r e c e iv e r  becomes u n a c c e p ta b ly  
s h o r t  a t  such  b i t  r a t e s  i f  an a d e q u a te  system  a v a i l a b i l i t y  i s  to  be 
o b ta in e d .
I n  c o n s id e r in g  th e  s ta n d a rd  b i t  r a t e s  low er down i n  th e  h ie r a r c h y  i t  i s  
c o n c lu d ed  t h a t  a  system  o p e ra t in g  a t  2 M b it/s  r e p r e s e n t s  a  good com prom ise 
b e c a u s e :—
-  such  system s a re  f a i r l y  r e a d i ly  a v a i l a b l e  ( o r  can  be r e a d i ly  
d ev e lo p ed )
-  2 M b it/s  i s  a p o p u la r  b i t  r a t e  f o r  th e  p r o v is io n  o f l i n k s  w hich m igh t 
be p ro v id e d  u s in g  l i n e  of s ig h t  o p t i c a l  com m unications
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-  th e  system  re a c h  of a  2 M b it/s  o p t i c a l  l i n e  o f s ig h t  system  i s  
a c c e p ta b le  f o r  many a p p l i c a t i o n s  in  l o c a l  te le co m m u n ic a tio n s  ne tw orks 
e t c
-  th e  a n a ly s i s  of v a r i a t i o n  of th e  v a lu e  of v a r io u s  system  p a ra m e te rs  as 
i l l u s t r a t e d  i n  F ig u re  6 .9  s u g g e s ts  t h a t  system s o p e ra t in g  a t  2 M b it/s  
have a g r e a t e r  ran g e  th a n  sy stem s o p e ra t in g  a t  h ig h e r  b i t  r a t e s .
2I t  i s  th e r e f o r e  conc luded  t h a t ,  f o r  th e  p u rp o se s  of t h i s  t h e s i s ,  th e  
m easurem ents sh o u ld  be c o r r e la t e d  w ith  th e  e r r o r  r a t e  o f an o p t i c a l  l i n e  o f 
s i g h t  system  o p e ra t in g  a t  2 M b it /s .
8 .3  TEST ARRANGEMENT
A diagram  of th e  co m p le te  t e s t  a rran g em en t i s  shown in  F ig u re  8 .2 .  The 
c o n s t i t u e n t  p a r t s  a r e  d e s c r ib e d  below
8 .3 .1  O p t ic a l  Com m unication System
The o p t i c a l  com m unication  system  employed was c o n s tr u c te d  a s  p a r t  of 
t h i s  p r o je c t  and was d e s ig n e d  to  o p e ra te  a t  a  nom inal d i g i t a l  b i t  r a t e  
o f  2 M b it/s  o v e r p a th  le n g th s  o f up to  n o m in a lly  1 km i n  l e n g th .  One 
o f  th e  te rm in a ls  m ounted on a t r i p o d  i s  shown i n  F ig u re  8 .3 .  The 
sy stem  has  s ta n d a rd  HDB 3 i n t e r f a c e s  and o p e ra te s  a t  th e  h i e r a r c h i c a l  
r a t e  of 2048 k b i t / s .  The t r a n s m i t t e r  com prised  an o p t i c a l  s o u rc e  
w hich was a l i g h t  e m i t t in g  d io d e  ( le d )  e m i t t in g  a t  a  nom inal 
w a v e len g th  o f 900 nm. In  th e  p a r t i c u l a r  d e s ig n  u sed  f o r  th e s e  
m easurem ents th e  HDB 3 in p u t  i n t e r f a c e  s ig n a l  was c o n v e r te d  to  a  
b in a ry  s ig n a l  w ith  th e  cod ing  a rran g em en t as shown i n  T ab le  8 .2 .  The 
b in a ry  in p u t  s ig n a l  was th e n  s im p ly  a m p lif ie d  and u sed  to  d i r e c t l y  
d r iv e  th e  le d  i e  o p t i c a l  a m p litu d e  m o d u lâ ti o n /o n - o f f  k e y in g  (OOK).
The t r a n s m i t t e r  u t i l i s e d  a 100 mm d ia m e te r  F r e s n e l  le n s  w ith  f o c a l  
l e n g th  a ls o  of 100 mm and th e  w hole assem bly  was t r i p o d  m ounted as  
shown in  F ig u re  8 .3 .
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1 HDB 3 
1 SIGNAL
BINARY OUTPUT
1 + ve 10
1 -  ve 01
1 z e ro 00
TABLE 8 .2  CODING ARRANGEMENT FOR 2 MBIT/S SYSTEM
The r e c e iv e r  was p h y s ic a l ly  s im i la r  to  th e  t r a n s m i t t e r  w ith  a  100 mm 
d ia m e te r  r e c e iv in g  F r e s n e l  le n s  h av in g  a  f o c a l  l e n g th  o f 100 mm. The 
r e c e iv e d  o p t i c a l  beam was fo c u s s e d  o n to  a p in  p h o to d io d e  w hich 
c o n v e r te d  th e  o p t i c a l  s ig n a l  t o  an e l e c t r i c a l  s i g n a l .  The l a t t e r  was 
th e n  a m p lif ie d  and e q u a l i s e d  u s in g  a s im p le  m atched RC low p a ss  
f i l t e r .  The o u tp u t  s ig n a l  was th e n  r e c o n v e r te d  back to  HDB 3 fo rm a t 
a s  p e r  th e  c o d in g  a lg o r i th m  in  T ab le  8 .2 .  The r e l e v a n t  system  
p a ra m e te rs  a r e  g iv e n  in  A ppendix 13 .
8 .3 .2  E r ro r  M easuring  Equipm ent
A s ta n d a rd  p a t t e r n  g e n e ra to r  and an  e r r o r  r a t e  d e t e c to r  o p e ra t in g  a t  
2 M b it/s  w ere u sed  f o r  g e n e ra t in g  th e  HDB 3 s ig n a l  and m easu rin g  th e  
r e c e iv e d  e r r o r  r a t e  r e s p e c t i v e ly .  The e r r o r  r a t e  d e t e c to r  had an 
o u tp u t  w hich c o u ld  be co n n ec ted  to  a  c h a r t  r e c o r d e r  and th e  v o l ta g e  
m easu red  c o u ld  be r e l a t e d  to  th e  m easured  e r r o r  r a t e .  In  a d d i t io n  th e  
m easu red  e r r o r  r a t e  was av e rag ed  o v e r a  p e r io d  o f 30 m in u te s  i n  o r d e r  
t o  o b ta in  a  sm oo ther and more a c c u r a te  p r o f i l e  f o r  d a ta  com parison  
p u rp o s e s . F u r th e r  d a ta  on th e  m easu rin g  equipm ent i s  g iv e n  in  
A ppendix 13 and R e fe re n c e  [ 8 .1 ] .
2
8 .3 .3  M easuring  Equipm ent
2The m easu rin g  equipm ent employed was th e  same as  t h a t  
d e s c r ib e d  in  Appendix 4 u s in g  a v e r t i c a l  s e n s o r  s e p a r a t io n  of 100 mm. 
The o u tp u t from  th e  equipm ent was fe d  d i r e c t l y  to  th e  c h a r t  r e c o r d e r .
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Figure 8.4 Field measurements of Cn^  and error rate (Typical worst 
day measurement — 15.8.84)
8 . 3 . 4  L o c a t io n
The m easurem ents w ere made a t  Speeds Farm , L angton  G reen , K en t. T h is  
s i t e  was chosen  f o r  i t s  c o n v en ien ce  i n  r e s p e c t  of p h y s ic a l  l o c a t io n  
and  th e  c o n v e n ie n t l o c a t io n  o f e l e c t r i c i t y  m ains s u p p l ie s  to  power th e  
o p t i c a l  system  and v a r io u s  item s o f t e s t  eq u ipm en t. The la n d  o v e r 
w hich  th e  m easurem ents w ere made was n o m in a lly  f l a t  p a s tu r e  la n d  w ith  
t h e  g r a s s  no g r e a t e r  th a n  25 mm i n  le n g th ,  h av in g  been  r e g u la r ly  c u t  
a n d /o r  g ra z e d .
The lo c a t io n  of th e  e l e c t r i c i t y  m ains s u p p l ie s  and n a tu r e  o f th e  
t e r r a i n  was such  t h a t  a  maximum o p t i c a l  p a th  le n g th  o f 500 m c o u ld  
j u s t  be a c h ie v e d .
8 .4  MEASUREMENTS AND RESULTS
The t o t a l  m easurem ent program  d u r in g  w hich f i e l d  m easurem ents w ere made
e x te n d e d  o v e r an 18 m onth p e r io d  from  A p r i l  1984 to  O c to b er 1985. T h is
p e r io d  was p reced ed  by a  p e r io d  o f n e a r ly  12 m onths d u r in g  w hich i n t e r n a l
e x p e r im e n ta t io n , d e s ig n  work and c a l i b r a t i o n  o f m easu rin g  equ ipm ent to o k
p la c e .  D ata  o b ta in e d  from  th e  e a r ly  p h ases  o f th e  e x te r n a l  work to g e th e r
w i th  th o s e  m easurem ents a s s o c ia te d  w ith  th e  lo n g  term  m easurem ent of 
2 was c o n s id e re d  i n  C h ap te r 7 .  T h is  c h a p te r  c o n s id e r s  th o s e  r e s u l t s
2p e r t a in i n g  to  th e  m easurem ent of d a ta  as  i t  r e l a t e s  to  s y s ta n  e r r o r  
p e rfo rm a n c e .
C o n s id e ra b le  e x p e r im e n ta l  d a ta  h as  been  o b ta in e d  d u r in g  th e  c o u rs e  o f th e  
m easurem ent p rogram . Much of th e  d a ta  i s  r e p e t i t i v e  i n  n a tu r e  te n d in g  to  
u n d e r l in e  th e  g e n e ra l  c o n c lu s io n s  w hich w i l l  be d e b a te d  l a t e r  i n  t h i s  
c h a p te r .
As an exam ple of some t y p i c a l  w o rs t c a se  r e s u l t s  o b ta in e d , d a ta  f o r  t h r e e  
d i f f e r e n t  days o b ta in e d  i n  A ugust 1984 i s  shown i n  F ig u re s  8 .4 - 8 .6 .  T hese 
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Figure 8.5 Field measurements of Cn  ^(Typical worst day 
measurement — 16.8.84)
10-^1 r 1  in 10'
- 1  n 1010-13-
(upper
- 1  in 1010 "  -
- 1  in 101 0 - ': -
0800 1000 1200 1400 1600 1800 2000
1 in 10"
Tim e
Figure 8.6 Fieid measurements of Cn^  (Typical worst day 
measurement — 17.8.84)
r a t e  w ith  th e  t e s t  s e t - u p  as  d e s c r ib e d  e a r l i e r  i n  t h i s  c h a p te r ,  t h a t  i s  th e  
2 M b it/s  system  w ith  p a th  le n g th  of 500 m.
2The c o r r e l a t i o n  betw een  and e r r o r  r a t e  i s  o n ly  to o  a p p a re n t  f o r
2e a ch  of th e  days ch o sen . The c h a r a c t e r i s t i c  th ro u g h o u t th e  c o u rse  
o f  each  of th e  th r e e  days i s  s im i l a r  to  th o s e  o b ta in e d  a t  o th e r  tim es  of
th e  y e a r  and o th e r  t e s t  a rra n g e m e n ts  as  d is c u s s e d  i n  C h a p te r  7 a lth o u g h  th e  
2
peak  v a lu e s  of a r e  lo w er i n  th e  c o ld e r  m onths. In  g e n e ra l  th e  
v a lu e  of v a r i e s  from  a n ig h t- t im e  v a lu e  of a round  5 .1 0 ” ^^ m~^^^
in c r e a s in g  r a p id ly  d u r in g  th e  c o u rse  o f th e  m orning a s  th e  sun  h e a ts  up
2b o th  th e  a i r  and th e  ground i t s e l f .  The mean v a lu e  of u s u a l ly
p eak s  somewhere betw een  10” ^^ and m” ^^^ d u r in g  th e  m idday
p e r io d  when am bien t te m p e ra tu re s  a r e  o f th e  o rd e r  of 20-25®C. On f i n e  days 
2
th e  v a lu e  of rem a in s  h ig h  f o r  much of th e  a f te rn o o n  due to  th e
r e t a in e d  ground h e a t  and o n ly  d ro p s  as  th e  s u n 's  h e a t  re d u c e s  tow ards l a t e
2a f te r n o o n  and e a r ly  e v e n in g . By ab o u t 1800-2000 h o u rs  th e  v a lu e  
h a s  r e tu r n e d  to  th e  n ig h t- t im e  v a lu e .
2As i s  th e  c a se  w ith  a l l  th e  m easurem ents th e  d a ta  does i n d i c a t e
v e ry  la r g e  f lu c t u a t io n s  d e s p i t e  th e  a v e ra g in g  f u n c t io n  in c lu d e d  i n  th e  
2
m ea su rin g  a p p a ra tu s .  N e v e r th e le s s  d e s p i t e  th e s e  f l u c t u a t i o n s  th e
2
v a r i a t i o n  o f th e  mean v a lu e  o f can  be c l e a r l y  d i s c e r n e d .  Owing to
th e  n a tu r e  of th e  e r r o r  d e te c t io n  p ro c e s s  e r r o r  r a t e  m easurem ent a c c u ra c y
w i l l  be g r e a t e r  th e  w orse  th e  e r r o r  r a t e  becom es. T h is  i s  b e c a u se  a l a r g e r
num ber of e r r o r s  w i l l  be co u n ted  f o r  h ig h e r  l e v e l s  of . F or low 
2l e v e l s  of , and hence  low e r r o r  r a t e s ,  th e  tim e  betw een e r r o r s  f o r  a 
2 M b it/s  system  i s  v e ry  low , t y p i c a l l y  10 m in u te s , w hich means t h a t  th e  
a c c u ra c y  of th e  e r r o r  r a t e  m easurem ent i s  a f u n c t io n  of th e  a v e ra g in g  tim e 
u sed  in  th e  e r r o r  r a t e  d e t e c to r .  The H e w le tt P a ck a rd  s e t  em ployed had a 
ru n n in g  av e rag e  of 30 m in u te s  and i t  fo llo w s  t h a t  th e  e r r o r  r a t e  p l o t s  w i l l
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n o t r e f l e c t  any p a r t i c u l a r l y  r a p id  changes i n  e r r o r  r a t e  a t  th e  lo w er e r r o r  
r a t e  l e v e l s .
M easurem ents made a t  o th e r  tim es  o f th e  y e a r  r e f l e c t  th e  c h a r a c t e r i s t i c s  
n o te d  p r e v io u s ly  i n  C h a p te r  7 , nam ely t h a t  as  th e  av e ra g e  a i r  te m p e ra tu re  
f o r  th e  m onth d e c re a s e s  so  does th e  c o rre sp o n d in g  v a lu e  of The
d a ta  shown in  F ig u re s  8 .4 - 8 .6  a r e  th e  w o rs t  c a se  exam ples m easured  d u r in g  
th e  18 m onth p e r io d  i n  t h a t  th e y  in d ic a te d  th e  h ig h e s t  v a lu e  of 
m easu red , w hich as m igh t be e x p e c te d  was f o r  th e  m onth of A ugust.
The e r r o r  r a t e  p l o t s  in  each  c a se  i n  F ig u re s  8 .4 - 8 .6  show a s a t i s f a c t o r y
2c o rre sp o n d e n c e  w ith  th e  v a r i a t i o n  i n  . Any la g  t h a t  t h e r e  m igh t be
w ould a p p e a r  to  be m inim al i n d ic a t i n g  t h a t  any change in  r e s u l t s  in
an  a lm o s t im m ediate  c o rre s p o n d in g  change i n  th e  e r r o r  r a t e .  The a c tu a l
v a lu e  of e r r o r  r a t e  w i l l  v a ry  depend ing  on a  number of f a c t o r s  as
p r e v io u s ly  d i s c u s s e d ,  b u t in c lu d in g  p a th  le n g th ,  so u rc e  power e t c  q u i t e
2
a p a r t  from  any v a r i a t i o n  of . F or th e  system  ty p e  and 
m easurem ent c o n d it io n s  i n  t h i s  in s ta n c e  ( a s  g iv en  i n  P a ra  8 .3 )  and in  
p a r t i c u l a r  a 2 M b it/s  system  o p e ra t in g  o v e r  a p a th  le n g th  of 500 m, th e  
e r r o r  r a t e  v a r ie d  betw een  a background e r r o r  r a t e  o f ab o u t 10“ ^® to  a 
peak  e r r o r  r a t e  of ab o u t 10 ^—10 ^ . O bv iously  d i f f e r e n t  e r r o r  r a t e s  
w ould a p p ly  f o r  o th e r  a rra n g e m e n ts  o f p a th  le n g th ,  b i t  r a t e  e t c .
The m e te o ro lo g ic a l  c o n d it io n s  f o r  th e  days f o r  w hich th e  f ig u r e s  a p p ly  a r e  
shown i n  T ab le  8 .3 .
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Figure 8.7 Summary of variation of error rate measurements with 
time of day for 2IVibit/s test link on three worst 
case days
TABLE 8 .3  METEOROLOGICAL CONDITIONS DURING MEASUREMENTS
j Day D ate
Temp °C Wind Cloud c o v e r  (max)
Min Max m /s ( e s t ) o c ta s  ( e s t im a te d )
i l 15.8.84 15.6 21.8 <5 3
i 2 16.8.84 13.8 23.2 <5 3
I 3 17.8.84 14.7 22.4 <5 3
The v a r i a t i o n s  of e r r o r  r a t e  w ith  tim e f o r  each  o f th e  t h r e e  days in
q u e s t io n  a v e rag ed  o v e r  30 m in u te  tim e  p e r io d s  a re  g iv e n  in  h is to g ra m  form
i n  F ig u re  8 .7 .  T h is  h is to g ra m  p r e s e n ts  a  c l e a r e r  p i c t u r e  o f th e  v a r i a t i o n .
The g e n e ra l  shape  of th e  v a r i a t i o n  i s  c l e a r l y  a p p a re n t and c o rre sp o n d s  w ith  
2
t h a t  of C^ . T here  a r e  u n m is ta k e a b le  o c c a s io n a l  l a r g e  f lu c t u a t io n s
p a r t i c u l a r l y  on th e  l a s t  o f th e  th r e e  days c o n s id e re d  a t  ab o u t 1100, 1300
and 1430 h o u rs . T hese f l u c t u a t i o n s  a re  a  r e f l e x io n  o f th e  c o rre s p o n d in g
2
p a r t i c u l a r l y  la r g e  v a r i a t i o n s  i n  C^ on th e  same day ( s e e  F ig u re  8 .6 ) .
A lso  of i n t e r e s t  i s  th e  in c r e a s e d  d u r a t io n  o f th e  d e g ra d a t io n  o f th e  e r r o r  
r a t e  i n  th e  l a t e  a f te rn o o n  c l e a r l y  shown i n  F ig u re  8 .7  f o r  th e  f i r s t  o f th e  
t h r e e  days r e f l e c t i n g  th e  lo n g e r  p e r io d  o f su n sh in e  d u r in g  th e  a f te rn o o n  on 
t h a t  day .
The s ig n i f i c a n c e  o f th e s e  r e s u l t s  w ith  r e s p e c t  to  v a r i a t i o n  o f p a th  le n g th  
was e s t a b l i s h e d  by making m easurem ents o f P (e )  and C^^ o v e r  t h r e e  p a th  
l e n g th s  of 100, 300 and 500 m.
The r e s u l t s  from  C h a p te r  7 i n d ic a te d  t h a t  f o r  a  u n ifo rm  ground  s u r f a c e  i t  
i s  g e n e r a l ly  s u f f i c i e n t  f o r  C^ to  be m easured  a t  any re a s o n a b le  p o in t  
a lo n g  th e  system  p a th  le n g th .  In  t h i s  in s ta n c e  a  p o in t  50 m from  th e  
t r a n s m i t t e r  was chosen  — t h i s  b e in g  th e  mid p o in t  of th e  s h o r t e s t  p a th  
l e n g th  employed f o r  t h i s  p a r t i c u l a r  p a r t  of th e  m easurem ent p rog ram . The
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Figure 8.8 Variation of error rate with time for different path 
lengths (2 Mbit/s OOK system)
r e s u l t s  f o r  e r r o r  r a t e  v a r i a t i o n  w ith  p a th  le n g th  a re  shown i n  F ig u re  8 .8  
f o r  th r e e  d i f f e r e n t  p a th  le n g th s  of 100, 300 and 500 m. In  o rd e r  to  p e rm it 
d i r e c t  com parison  th e  r e s u l t s  w ere a l l  o b ta in e d  on th e  same day and w ere 
a c h ie v e d  by moving th e  r e c e iv e r  and a s s o c ia te d  m easu rin g  equipm ent 
a p p ro x im a te ly  ev e ry  15 m in u te s  to  th e  r e q u i r e d  l o c a t io n .
The r e s u l t s  shown i n  F ig u re  8 .8  c l e a r l y  i n d i c a t e  th e  d e g ra d a t io n  o f e r r o r
r a t e  pe rfo rm an ce  w ith  in c r e a s e d  p a th  le n g th  and fu r th e rm o re  th e  d e g ra d a t io n
2f o r  any p a r t i c u l a r  p a th  le n g th  as th e  v a lu e  o f in c r e a s e s  
p a r t i c u l a r l y  d u r in g  th e  m idday p e r io d .  The d e g ra d a t io n  due to  tu rb u le n c e  
i s  o b se rv ed  to  w orsen  w ith  in c r e a s e d  p a th  le n g th ,  c o n firm in g  th e  le n g th  
dependency  o f th e  e x p re s s io n  f o r  th e  lo g  a m p litu d e  v a r ia n c e  g iv e n  i n  
e x p re s s io n  ( 4 .2 )  and a s  shown in  F ig u re s  6 .6  and 6 .7 .
The r e le v a n t  r e s u l t s  o b ta in e d  th ro u g h o u t th e  18 m onth m easurem ent p rogram , 
f o r  p a th  le n g th s  o f 300 and 500 m and system  o p e ra t io n  a t  2 M b it/s  (OOK) 
a r e  shown i n  F ig u re  8 .9 .
2T h is  f ig u r e  shows th e  c l e a r  r e l a t i o n s h i p  betw een e r r o r  r a t e  and f o r
b o th  p a th  le n g th s  (o v e r  s ix  decad es  o f e r r o r  r a t e  and th r e e  d ecad es  o f 
2
) .  The r e l a t i v e l y  la r g e  v a r i a t i o n s  in  v a lu e s  o f e r r o r  r a t e  f o r  any 
2
g iv e n  v a lu e  of a r e  n o te  w orthy  and n o t s u r p r i s i n g  c o n s id e r in g  th e
2
m ajo r f l u c t u a t io n s  i n  shown in  F ig u re s  8 .4 - 8 .6 .  N e v e r th e le s s  th e
mean v a lu e  of e r r o r  r a t e  i n  each  c a se  fo llo w s  th e  l i n e a r  r e l a t i o n s h i p  v e ry
c l o s e l y .  A p lo t  show ing th e  t h e o r e t i c a l  r e l a t i o n s h i p  c a lc u la t e d  u s in g  th e
2r e l a t i o n s h i p  f o r  and e r r o r  r a t e  d e r iv e d  i n  C h ap te r 6 (F ig u re  6 .8 )  
i s  a ls o  g iv e n  i n  F ig u re  8 .9  f o r  each  o f th e  two p a th  le n g th s  ( b u t  m o d if ie d  
f o r  th e  a c tu a l  le d  r a d ia n c e  employed o f 2 .7  W /m ^ /sr). The g ra p h s  c l e a r l y  
i n d i c a t e  th e  c lo s e  ag reem en t betw een th e  p r a c t i c a l  m easured  d a ta  and 
th e o r y .  The c o r r e l a t i o n  c o - e f f i c i e n t  h as  been  c a lc u la t e d  a s  b e in g  0 .9 3  and
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Figure 8.9 Comparison of measured resuits with theory for 
reiationship between P(e) and On'
(2 Mbit/s OOK system; lens diameter =  0.1m)
0 .9 0  f o r  th e  300 and 500 m p a th  le n g th s  r e s p e c t i v e ly ,  q u a n t i t a t i v e l y  
c o n firm in g  th e  good ag reem en t.
F ig u re  8 .9  shows th e  m easured  d a ta  as  b e in g  c o n s i s t e n t ly  a  l i t t l e  l e s s  th a n  
t h a t  p r e d ic te d  by th e  th e o r y ,  b u t i n  term s o f th e  e r r o r  r a t e  v a r i e s  a t  
w o rs t  by l i t t l e  more th a n  an o rd e r  o f m ag n itu d e . T h is  i s  due to  th e  f a c t  
t h a t  th e  th e o ry  i s  based  on w o rs t c a se  p r e d i c t i o n s  w hich w ere n o t 
e n c o u n te re d  c o n t in u a l ly  d u r in g  th e  p e r io d  o f th e  m easurem ent p rogram .
2The v a r i a t i o n  of e r r o r  r a t e  and th ro u g h o u t th e  y e a r  i s  o b v io u s ly  of
g r e a t  im p o rta n c e . The d a ta  o b ta in e d  d u r in g  th e  w hole m easurem ent program
and p re s e n te d  in  F ig u re s  8 .4 - 8 .6  and 8 .9  h a s  been  a n a ly s e d  w ith  a  view  to
a s s e s s in g  th e  e f f e c t  of tim e o f y e a r  and am bien t te m p e ra tu re  on th e  o v e r a l l
r e s u l t s  and th e  e n su in g  c o n c lu s io n s .  I t  h a s  been  found t h a t ,  a t  c o o le r
t im e s  of th e  y e a r  eg O c to b e r th ro u g h  to  May, th e  mean a i r  te m p e ra tu re  i s
l e s s  th a n  t h a t  f o r  th e  A ugust m easurem ents c o n s id e re d  h e re  i n  some d e t a i l
( a s  would be e x p e c te d )  and t h a t  as  a  d i r e c t  consequence  th e  v a lu e s  of 
2
a re  c o rre s p o n d in g ly  lo w e r. T h is  i n  tu r n  means t h a t  th e  e r r o r  r a t e  
i s  n o t deg raded  to  th e  same e x te n t .  In  te rm s of F ig u re  8 .9  t h e  a n n u a l 
v a r i a t i o n s  in  te m p e ra tu re  mean t h a t  d u r in g  th e  w in te r  m onths th e  
p e rfo rm a n c e  w i l l  be low down on th e  p r a c t i c a l  r e s u l t s  l i n e  ( i e  bo ttom  l e f t )  
and t h a t  w ith  th e  a d v e n t o f th e  warmer w e a th e r  i n  th e  summer, d e g ra d a t io n  
w i l l  o ccu r w ith  o p e ra t io n  f u r t h e r  up th e  l i n e .  The m easured  d a ta  i n  
C h a p te r  7 g iv e s  d a ta  on th e  am bien t te m p e ra tu re  v a r i a t i o n s  d u r in g  th e  
c o u rs e  of a  t y p i c a l  y e a r ,  w hich in  t u r n  i s  i n d ic a t i v e  o f th e  v a r i a t i o n  i n  
e r r o r  r a t e  l i k e l y  to  be e x p e r ie n c e d  o v e r  a  y e a r .
Of c o u rs e  even in  th e  w in te r  m onths a  d a i ly  v a r i a t i o n  i s  s e e n  i n  th e  v a lu e  
2
o f  , e x c e p t t h a t ,  b ecau se  th e  t o t a l  te m p e ra tu re  v a r i a t i o n  on a 
w i n t e r 's  day i s  l e s s  th a n  t h a t  f o r  a  sum m er's day , th e  v a r i a t i o n  of 
i s  c o rre s p o n d in g ly  l e s s .
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Figure 8.10 Relationship between error rate and Cn^  with time of 
year (2 Mbit/s OOK system; L =  500m)
From th e  p o in t  of view  of b e in g  a b le  to  a s s e s s  th e  pe rfo rm an ce  of th e  
o p t i c a l  com m unication  sy stem  i t  i s  u s e f u l  to  know th e  w o rs t c a se  d u r in g  
e a ch  w orking  day and hence  th e  m easured  r e s u l t s  f o r  d u r in g  th e  
c o u rs e  o f th e  18 m onth e x p e r im e n ta l  p e r io d  have been  a n a ly s e d  w ith  th e  
o b je c t  of q u a n t i f y in g  th e  l i k e l y  d e g ra d a t io n  of e r r o r  r a t e  d u r in g  th e
c o u rs e  of a  y e a r .  F ig u re  8 .1 0  shows th e  m easured  r e s u l t s .  C le a r ly  th e
2
mean a i r  te m p e ra tu re , th e  m easured  v a lu e  o f , and th e  e r r o r  r a t e  f o r  
t h e  2 M b it/s  system s o p e ra t in g  o v e r  a  p a th  le n g th  of 500 m a r e  a l l  r e l a t e d ,  
The maximum m onthly  av e rag ed  a i r  te m p e ra tu re  ranged  from  7°C to  27®C, th e  
maximum v a lu e  of ran g ed  from  10~^^ to  10“ ^^ m” ^^^ and th e
e r r o r  r a t e  was d eg raded  from  1 i n  10"^^ in  th e  w in te r  to  2 i n  10” ^ in
2
th e  summer. The a n n u a l v a r i a t i o n s  i n  d a ta  have a lr e a d y  been  
d i s c u s s e d  in ^ C h a p te r  7 .
8 .5  CONCLUSIONS
T here  a r e  a  number of c o n c lu s io n s  w hich may be drawn from  th e  r e s u l t s  of 
t h i s  m ajo r p a r t  of th e  p r o j e c t :
2i  T here  i s  a  c l e a r  r e l a t i o n s h i p  betw een th e  v a lu e  o f C^ and
e r r o r  r a t e  as  i n d ic a te d  in  F ig u re s  8 .4 - 8 .8 .  M oreover t h e r e  i s  a  good
c o r r e l a t i o n  f o r  o v e r  s ix  d ecad es  of e r r o r  r a t e  and o v e r  t h r e e  d ecad es  
2o f  C^ w hich s u g g e s ts  t h a t  th e  r e s u l t s  a r e  n o t i n s i g n i f i c a n t .
i i  The p r a c t i c a l  r e s u l t s  o b ta in e d  f o r  th e  p a r t i c u l a r  sy stem  
c o n f ig u r a t io n  em ployed showed a v e ry  c lo s e  c o r r e l a t i o n  w ith  th e  
t h e o r e t i c a l  p r e d i c t i o n  ( s e e  F ig u re  8 .9 ) .  The c a lc u la t e d  c o r r e l a t i o n  
c o - e f f i c i e n t s  w ere 0 .9 0  and 0 .9 3  f o r  a  p a th  le n g th  o f 500 and  300 m 
r e s p e c t i v e ly  (a  p e r f e c t  m atch would g iv e  a c o r r e l a t i o n  c o - e f f i c i e n t  of 
1 .0).
i i i  The v e ry  h ig h  c o r r e l a t i o n  betw een th e  p r a c t i c a l  d a ta  and 
t h e o r e t i c a l  p r e d i c t i o n  s u g g e s ts  t h a t  th e  th e o ry  i n  th e  form  o f th e  SNR
147
4c^2
d e g ra d a t io n  f a c t o r  (e  -  1) i s  f u l l y  su p p o rte d  by th e  p r a c t i c a l  
r e s u l t s .  Such a h ig h  c o r r e l a t i o n  would be l e s s  l i k e l y  w ith  s im p le r  
d e g ra d a t io n  f a c t o r s  w hich m igh t have p ro p o sed  a more b a s ic
9
m a th e m a tic a l  r e l a t i o n s h i p  betw een  e r r o r  r a t e  and .
iv  Such d e v ia t io n  a s  t h e r e  i s  be tw een  th e  m easured  and t h e o r e t i c a l
d a t a  i s  due to  th e  f a c t  t h a t  w o rs t c a se  t u r b u le n t  c o n d i t io n s  w ere n o t
en d u red  f o r  th e  w hole d u r a t io n  o f th e  18 m onth m easurem ent program  as
s u g g e s te d  by th e  sp re a d  o f r e s u l t s  f o r  any g iv e n  v a lu e  of .
The d isc re p a n c y  i s  red u ced  a t  lo w er l e v e l s  o f tu rb u le n c e  r e f l e c t i n g
2
t h e  o v e r a l l  v a r i a t i o n  o f th ro u g h o u t th e  w hole y e a r  and th e
2f a c t  t h a t  peak l e v e l s  o f a r e  o n ly  u s u a l ly  m easured  in  th e  
h o t t e s t  summer m onths i n  th e  UK.
V  A lthough  th e  sp re a d  o f r e s u l t s  (a s  in d ic a te d  i n  F ig u re  8 .9 )  i s  
f a i r l y  l a r g e ,  t y p i c a l l y  n e a r ly  I j  o rd e r s  o f m ag n itu d e , such  a s p re a d  
i s  n o t c o n s id e re d  u n u su a l o r  e x c e p t io n a l  i n  view  o f th e  s t o c h a s t i c  
n a tu r e  o f th e  fu n d am en ta l p ro c e s s e s  in v o lv e d . N o tw ith s ta n d in g  th e  
l a r g e  sp re a d s  th e  mean v a lu e s  a r e  such  t h a t  th e  l i n e a r  f i t  a p p l i e s  
w e l l  and c o r r e l a t e s  c lo s e ly  w ith  th e  t h e o r e t i c a l  p r e d i c t i o n .
v i  The c h a r a c t e r i s t i c  shown in  F ig u re  8 .9  a p p e a rs  to  be a p p l i c a b l e  
f o r  a l l  t y p i c a l  a i r  te m p e ra tu re s  n o rm a lly  e x p e r ie n c e d  i n  th e  UK 
th ro u g h o u t th e  y e a r ,  f o r  2 M b it/s  sy stem s u s in g  o n -o f f  k e y in g  o v e r  
p a th  le n g th s  of 500 and 300 m. O th e r  c h a r a c t e r i s t i c s  w i l l  a p p ly  f o r  
d i f f e r e n t  p a th  le n g th s ,  and d i f f e r e n t  so u rc e  i n t e n s i t i e s  a s  d is c u s s e d  
i n  C h ap te r 6 and i l l u s t r a t e d  i n  F ig u re  6 .9 .
v i i  The system  e r r o r  p e rfo rm an ce  i s  i n c r e a s in g ly  d eg raded  a s  th e  p a th  
l e n g th  in c r e a s e s  due to  th e  in c r e a s e d  fu n d am en ta l p a th  l o s s e s  and th e  
p re s e n c e  of tu rb u le n c e .
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H aving e s ta b l i s h e d  th e  above c o n c lu s io n s  i t  i s  n e c e s s a ry  to  c o n s id e r  t h e i r  
s i g n i f i c a n c e  i n  p r a c t i c e .  T here  i s  no doubt t h a t  th e  p e rfo rm an ce  of 
t e r r e s t r i a l  o p t i c a l  l i n e  o f s ig h t  com m unication system s i s  a f f e c te d  by th e  
p re s e n c e  of a tm o sp h e ric  tu r b u le n c e .  C le a r ly  th e  w orse  th e  l e v e l  of 
tu rb u le n c e  th e  more th e  pe rfo rm an ce  o f th e  o p t i c a l  com m unication  sy stem  i s  
a f f e c t e d .  I t  h a s  been  c l e a r l y  e s t a b l i s h e d  t h a t  th e  p e rfo rm an ce  w i l l  be 
d e g ra d e d  m ost i n  h o t w e a th e r  ( i e  summer m onths) and e s p e c i a l l y  d u r in g  th e  
d a y l ig h t  h o u rs  ( t y p i c a l l y  1000-1600 h r s ) .
I n  f a c t  C^^ v a lu e s  i n  e x c e s s  o f 10 m a r e  o n ly  m easured  in  
t h e  UK d u r in g  th e  h o u rs  o f a p p ro x im a te ly  1200-1400 on warm and h o t days 
from  A p r i l  th ro u g h  to  O c to b e r . Thus m ajo r d e g ra d a tio n  o f system  
p e rfo rm a n c e  due to  t u r b u le n t  e f f e c t s  i s  l i k e l y  to  o ccu r d u r in g  th e  m idday 
p e r io d  f o r  2 -3  h o u rs , on warm and h o t days ( p a r t i c u l a r l y  sunny ones) 
b e tw een  th e  m onths o f A p r i l  th ro u g h  to  O c to b e r. D uring  th e  w in te r  m onths 
t u r b u l e n t  e f f e c t s  a r e  n o rm a lly  m inim al and th e  c o rre s p o n d in g  e f f e c t  on 
sy s tem  p e rfo rm an ce  i s  t h e r e f o r e  u s u a l ly  n e g l i g ib l e .
F u r th e rm o re  th e  pe rfo rm an ce  o f th e  sy stem  when tu rb u le n c e  i s  a  p rob lem  w i l l  
be  d eg rad ed  th e  c lo s e r  to  th e  ground th e  system  o p e r a te s ,  to  some e x te n t  by 
th e  n a tu r e  of th e  t e r r a i n ,  and th e  lo n g e r  th e  p a th  l e n g th .  In  r e s p e c t  of 
t h e  l a t t e r  p o in t  i t  h a s  been  e s ta b l i s h e d  t h a t  f o r  v e ry  s e v e re  l e v e l s  o f 
tu rb u le n c e  th e  system  would become a lm o s t in o p e ra b le  a t  p a th  le n g th s  of 
a ro u n d  500 m w ith  e r r o r  r a t e s  o f th e  o r d e r  o f 1 i n  10^ and th e  d u r a t io n  
o f  i n o p e r a b i l i t y  would in c r e a s e  a s  th e  p a th  le n g th  in c r e a s e d  beyond 500 m. 
O b v io u sly  th e  s h o r t e r  th e  p a th  le n g th  th e  l e s s  i s  th e  e f f e c t  o f any 
tu rb u le n c e  on system  p e rfo rm a n c e .
I t  i s  f a i r l y  obv ious t h a t  system s sh o u ld  n o t be d e s ig n e d  to  o p e r a te  o v e r  
p a th s  w here man-made s o u rc e s  of tu rb u le n c e  a r e  l i k e l y  to  be p ro d u ce d , f o r
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in s t a n c e ,  h e a t in g  and v e n t i l a t i n g  p l a n t s  on th e  ro o fs  of o f f i c e  b lo c k s , 
f a c t o r i e s  and power s t a t i o n s  e t c .
The d e le t e r i o u s  e f f e c t s  of tu rb u le n c e  on th e  e r r o r  r a t e  pe rfo rm an ce  of 
sy s tem s may be a m e l io ra te d  to  some e x te n t  by th e  u se  of e r r o r - c o r r e c t i n g  
co d es and a p e r tu r e  a v e ra g in g  e f f e c t s  as a lr e a d y  d is c u s s e d  in  p re v io u s  














T h is  c h a p te r  draws to g e th e r  th e  v a r io u s  c o n c lu s io n s  w hich a p p e a r  a t  th e  
end o f each  of th e  p re v io u s  c h a p te r s .
The m ain h y p o th e s is  propounded i n  t h i s  t h e s i s  i s  t h a t  th e r e  i s  a  d i r e c t  
l i n k  betw een  th e  m agn itude  of a tm o sp h e ric  tu rb u le n c e  and th e  e r r o r  r a t e  
p e rfo rm a n c e  o f t e r r e s t r i a l  d i g i t a l  o p t i c a l  l i n e  o f s ig h t  com m unication  
s y s te m s .
A q u a l i t a t i v e  m odel has  been  p ro p o sed  w hich a p p e a rs  to  be a r e a s o n a b le  
r e p r e s e n t a t i o n  of th e  p h y s ic a l  p r o c e s s e s  in v o lv e d . F u rth e rm o re  a 
q u a n t i t a t i v e  r e l a t i o n s h i p  has a ls o  been  d e r iv e d  betw een  th e  l e v e l  o f 
tu rb u le n c e  and e r r o r  r a t e  p e rfo rm an ce  w hich in v o lv e s  th e  r e l a t i v e  i n t e n s i t y  
v a r ia n c e  (exp  (4 a^  ) -  1 ) ,  a  f a c t o r  w hich i s  employed i n  c a lc u la t in g  
th e  d e g ra d a tio n  i n  s ig n a l  to  n o is e  r a t i o  and hence  e r r o r  r a t e  p e rfo rm a n c e .
T u rb u le n c e  i n  th e  a tm osphere  g iv e s  r i s e  to  b ro ad e n in g  and w an d erin g  o f an 
o p t i c a l  beam. The g r e a t e r  th e  l e v e l  o f tu rb u le n c e  th e  g r e a t e r  th e  amount 
o f b ro ad e n in g  and w ander. In  a d d i t io n  to  th e s e  e f f e c t s  tu rb u le n c e  a ls o  
g iv e s  r i s e  to  s c i n t i l l a t i o n  a t  th e  r e c e iv e r  w hich i s  th e  r e s u l t  of th e  
i n t e r f e r e n c e  e f f e c t s  of th e  r e c e iv e d  ra y s  h av in g  been  r e f r a c t e d  many tim es  
a s  th ey  p a ss  th ro u g h  th e  t u r b u le n t  a tm osphere  and th e  num erous t u r b u l e n t  
e d d ie s  c o n ta in e d  t h e r e in .  I t  h a s  been  conc luded  t h a t  s c i n t i l l a t i o n  e f f e c t s  
a r e  much more s i g n i f i c a n t  th a n  beam b ro a d e n in g  o r  beam w ander f o r  
t e r r e s t r i a l  system s h av in g  p a th  le n g th s  o f up to  500-1000 m.
A sm a ll number of r e s e a r c h e r s  in  b o th  th e  USA and R u s s ia  have p ro p o sed  
v a r io u s  t h e o r i e s  w ith  a  view  to  e x p la in in g  th e  e f f e c t s  o f a tm o sp h e ric  
tu r b u le n c e .  P e rh ap s  th e  m ost n o tew o rth y  of th e s e  i s  T a t a r s k i i  whose 
m onographs a re  d is c u s s e d  in  some d e t a i l  i n  C h ap te r 4 .  A l l  th e  t h e o r i e s
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te n d  to  be m a th e m a tic a lly  com plex. They a p p e a r  to  be s u p p o rte d  by 
p r a c t i c a l  d a ta  e x c e p t f o r  when th e  s a t u r a t i o n  r e g io n  i s  re a c h e d , t h a t  i s  
when e i t h e r  long  p a th  le n g th s  a n d /o r  in te n s e  tu rb u le n c e  c o n d it io n s  a r e  
p r e s e n t .  A m ean in g fu l m odel w hich in c lu d e s  th e  s a t u r a t i o n  r e g io n  h as  n o t 
y e t  been  s u c c e s s f u l ly  d e r iv e d  by any w orkers to  d a te ,  a lth o u g h  
P h i l i p s  e t  a l  [4 .4 7 ] have g e n e ra te d  a m a th e m a tic a l e x p re s s io n  w hich a p p e a rs  
t o  f i t  th e  lo g  i r r a d i a n c e  v a r i a n c e /p a th  le n g th  r e l a t i o n s h i p .
V a rio u s  te c h n iq u e s  f o r  overcom ing th e  e f f e c t s  o f tu rb u le n c e  in d u ced  
s c i n t i l l a t i o n  have been  c o n s id e re d . In  p a r t i c u l a r  a p e r tu r e  a v e ra g in g , 
w hereby th e  r e c e iv e r  le n s  a p e r tu r e  i s  in c r e a s e d  to  such  a  s i z e  t h a t  th e  
s ig n a l  f l u c t u a t i o n s  become u n c o r r e la te d  and a v e rag ed  o v e r  th e  le n s  a r e a ,  i s  
shown to  be a p a r t i c u l a r l y  s im p le  y e t  e f f e c t i v e  te c h n iq u e . O th e r  s ta n d a rd  
te c h n iq u e s  such  as  th e  u s e  of e r r o r  c o r r e c t in g  codes can  a l s o  be em ployed 
t o  a m e l io r a te  th e  s i t u a t i o n .
The r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r , , has been  shown to  be an 
e f f e c t i v e  m easure of th e  m agn itude  o f th e  l e v e l  of tu rb u le n c e  i n  th e  
a tm o sp h e re . The t h e o r e t i c a l  d e r i v a t i o n  o f form s th e  b a s i s  f o r  th e  
ch o sen  m ethod o f m easurem ent o f , nam ely th e  m ic ro th e rm o m e tr ic  
a p p ro a c h . A lthough o th e r  a p p ro a c h e s  w ere c o n s id e re d  th e  m ic ro th e rm o m e tr ic  
a p p ro ach  has  th e  ad v an tag e  t h a t  i t  y i e ld s  an a b s o lu te  m easu re  o f 
w hich i s  a c c u r a te  and w hich i s  b ased  on a sound t h e o r e t i c a l  m a th e m a tic a l 
d e r i v a t i o n .  V a rio u s  p r a c t i c a l  te c h n iq u e s  w ere e v a lu a te d  b u t  t h a t  u s in g  
th e rm o co u p le s  was found  to  be th e  optim um. The lo n g e r  tim e  c o n s ta n t  of 
th e rm o co u p le s  as a g a in s t  f i n e  w ire  s e n s o rs  was n o t found to  p r e s e n t  any 
p a r t i c u l a r  p r a c t i c a l  c o n s t r a i n t s .
The m ain h y p o th e s is  of t h i s  r e s e a rc h  p r o je c t  (g iv e n  i n  C h a p te r  6) i s  t h a t  
t h e  s ig n a l  to  n o is e  r a t i o  f o r  an  a tm o sp h e ric  o p t i c a l  com m unication  system
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^ 2 i s  d eg raded  by a  f a c t o r  (e  -  1) w here i s  a f u n c t io n  o f th e
l e v e l  o f a tm o sp h e ric  tu rb u le n c e  f o r  a  system  o p e ra t in g  a t  a g iv e n
w a v e le n g th  and o v e r  a  g iv e n  p a th  l e n g th .  T h is  SNR d e c rem en tin g  f a c t o r  ( o r
r e l a t i v e  i r r a d ia n c e  v a r ia n c e )  i s  d e r iv e d  u s in g  a s t r a ig h t f o r w a r d
r i c  K  i i F  T 'iS 'f"  a v s t " ?  ■? QV» rsr»"?m a th e m a tic a l  a n a ly s i s  u n l ik e  th e  com plex works of x a ra r s ic i i  ana o n a p iro .
The t h e o r e t i c a l  a n a ly s i s  shows t h a t  l a r g e  system  m arg in s  a r e  needed  f o r  a  
g iv e n  e r r o r  r a t e  to  be m a in ta in e d  i f  w o rs t c a se  tu rb u le n c e  i s  l i k e l y  to  be 
e x p e r ie n c e d . Such in c r e a s e s  w i l l  s e v e r e ly  l i m i t  th e  ran g e  o f o p e r a t io n  of 
t e r r e s t r i a l  o p t i c a l  com m unication  sy s te m s .
The m easurem ents o f th e  a tm o sp h e ric  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r ,
2
Cn » o v e r  th e  t e s t  program  p e r io d  o f some 18 m onths have g e n e ra te d  some
c o n s id e r a b le  d a ta  w hich has  been  found  to  be m ost i n t e r e s t i n g .  The d a ta
o b ta in e d  i s  g e n e r a l ly  s u p p o r t iv e  of t h e o r i e s  w hich have been  d ev e lo p ed
2r e g a r d in g  th e  b e h a v io u r  of w i th  t im e , te m p e ra tu re  e t c .  In  
p a r t i c u l a r  i t  h a s  been  found t h a t  th e  m agn itude  o f tu rb u le n c e  v a r i e s  
c o n s id e r a b ly  d u r in g  th e  c o u rs e  of a  day and th ro u g h o u t th e  y e a r ,  and i s  
d ep e n d en t on th e  n a tu r e  of th e  ground s u r f a c e .  I n t e r e s t i n g l y  i t  h a s  been
o
shown t h a t  o v e r  p a th  le n g th s  o f up to  around  500 m th e  v a lu e  o f i s
a b o u t th e  same th ro u g h o u t th e  p a th  p ro v id e d  t h a t  th e  ground  s u r f a c e  i s  
u n ifo rm  and t h a t  t h e r e  a r e  no abnorm al c a u se s  of l o c a l i s e d  in c r e a s e d  l e v e l s  
o f tu rb u le n c e  i e  h e a t  s o u rc e s  such  as  a i r  c o n d it io n in g  v e n ts  e t c .
The r e s u l t s  from  th e  system s p a r t  of th e  m easurem ent program  show a c l e a r  
r e l a t i o n s h i p  b o th  t h e o r e t i c a l l y  and i n  p r a c t i c e  betw een  th e  sy stem  b i t  
e r r o r  r a t e  and th e  l e v e l  o f a tm o sp h e ric  tu rb u le n c e .  T h is  c o r r e l a t i o n  
s u g g e s ts  t h a t  th e  th e o ry  p ro p o sed  i n  C h ap te r 6 can  be e n d o rse d  and i n  
p a r t i c u l a r  t h a t  th e  p ro p o sed  s ig n a l  to  n o is e  r a t i o  d e c re m e n tin g  f a c t o r  
( ex p (4 ) -  1) a p p e a rs  to  be f u l l y  v a l i d .
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The system s d a ta  o b ta in e d  d u r in g  th e  c o u rse  o f th e  18 m onth m easurem ent 
p rogram  shows s i g n i f i c a n t  v a r i a t i o n s  b o th  d u r in g  th e  c o u rse  o f a day and 
th ro u g h o u t  th e  y e a r .  S in c e  th e  d a ta  sp an s  two summers i t  can  be conc luded  
from  th e  d a ta  o b ta in e d  t h a t ,  f o r  system s i n s t a l l e d  i n  th e  UK, th e  tim es  of 
g r e a t e s t  d e g ra d a tio n  o f system  e r r o r  r a t e  pe rfo rm an ce  a r e  i n  th e  summer 
m onths of J u ly  and A ugust (and  som etim es Ju n e )  and d u r in g  a 4 -5  h ou r p e r io d  
a ro u n d  m idday d u r in g  th e s e  m on ths. G raphs have been  p roduced  w hich c l e a r l y  
show th e  r e l a t i o n s h i p  betw een  a i r  te m p e ra tu re , th e  m agn itude  o f tu rb u le n c e  
and  system  e r r o r  r a t e .  The c o ld e r  w in te r  m onths would n o t a p p e a r  to  
p r e s e n t  any m ajor d e g ra d a tio n  o f system  p e rfo rm a n c e .
System  p e rfo rm an ce  becomes s e v e r e ly  d eg raded  when th e  p a th  le n g th  exceeds a 
c e r t a i n  l i m i t  due to  th e  c u m u la tiv e  e f f e c t  of h ig h  l e v e l s  o f tu rb u le n c e .
The d e g ra d a t io n  can  be overcome to  v a ry in g  e x te n ts  by u s in g  a p e r tu r e  
a v e ra g in g  te c h n iq u e s ,  in c r e a s in g  th e  t r a n s m i t t e d  pow er, im prov ing  th e  
r e c e iv e r  s e n s i t i v i t y  and by th e  u se  o f e r r o r - c o r r e c t i n g  c o d e s .
N e v e r th e le s s  d e s p i t e  th e s e  c o u n te r - a c t iv e  m easu res i t  would seem t h a t  
lo w -sp e e d  (eg  2 M b it /s )  t e r r e s t r i a l  o p t i c a l  com m unication  sy stem s o p e r a t in g  
i n  th e  n e a r  i n f r a - r e d  re g io n  and u s in g  s e m i-c o n d u c to r  o p t o - e l e c t r o n i c  
d e v ic e s  a r e  u n l ik e ly  to  be a b le  to  o p e ra te  s a t i s f a c t o r i l y  o v e r  p a th  le n g th s  
much in  e x c e s s  of a b o u t 1 km. System s o p e ra t in g  a t  low er b i t  f a t e s  w i l l  be 
l e s s  a f f e c te d  by tu rb u le n c e  th a n  h ig h e r  speed  sy s te m s . The t h e o r e t i c a l  
p r e d i c t i o n s  s u p p o rte d  by th e  e x p e r im e n ta l  d a ta  s u g g e s ts  t h a t  d e s ig n s  o f 
o p t i c a l  com m unication system  sh o u ld  employ e f f e c t i v e  le n s  d ia m e te rs  o f n o t 
l e s s  th a n  0 .1  m and so u rc e  powers o f n o t l e s s  th a n  lO^W /m ^/sr i f  an 
a c c e p ta b le  o v e r a l l  pe rfo rm an ce  i s  to  be a c h ie v e d  o v e r  any r e s p e c ta b le  p a th  
l e n g th  ( i e  500 m o r  m o re ).
A lthough  tu rb u le n c e  i n  th e  a tm osphere  s e v e r e ly  r e s t r i c t s  th e  u s e  o f l i n e  o f 
s i g h t  o p t i c a l  com m unications system s f o r  t e r r e s t r i a l  a p p l i c a t i o n s ,  such  
sy s tem s can  o f f e r  s i g n i f i c a n t  b e n e f i t s  f o r  e x t r a - t e r r e s t r i a l  com m unication
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l i n k s  w here tu rb u le n c e  does n o t p r e s e n t  any p ro b lem s, f o r  in s ta n c e  betw een 
g e o - s t a t i o n a r y  s a t e l l i t e s .  N o tw ith s ta n d in g  th e  above c o n s t r a in t s  r e g a rd in g  
th e  t e r r e s t r i a l  u se  of o p t i c a l  l i n e  o f s ig h t  com m unication sy s te m s, i t  i s  
co n c lu d ed  t h a t ,  owing to  th e  f a c t  t h a t  t h e r e  i s  c u r r e n t ly  no spectrum  
r e g u l a t i o n  a t  n o n - v is ib le  o p t i c a l  f r e q u e n c ie s ,  o p t i c a l  com m unication 
sy s tem s can  be u sed  w ith  ad v an tag e  in  v a r io u s  a p p l i c a t io n s  w here e x c e s s iv e  
p a th  le n g th s  a re  n o t r e q u i r e d  ( i e  l e s s  th a n  ab o u t 1km), s in c e  th ey  can  be 
r a p i d l y  d ep loyed  and a r e  n o t e x c e s s iv e ly  ex p e n siv e  when u sed  a s  e i t h e r  









RECOMMENDATIONS AND POSSIBLE FURTHER WORK AREAS
10.1  RECOMMENDATIONS
As a r e s u l t  of th e  work c u lm in a tin g  i n  t h i s  t h e s i s  i t  i s  recommended t h a t  
t h e  fo llo w in g  p o in ts  be ta k e n  i n to  a c co u n t when d e s ig n in g  a n d /o r  u s in g  
o p t i c a l  l i n e  of s ig h t  sy s te m s .
a .  One o r  more of th e  te c h n iq u e s  f o r  m in im is in g  th e  e f f e c t s  of 
s c i n t i l l a t i o n  sh o u ld  be em ployed (C h a p te r  4 ) .  In  p a r t i c u l a r  th e  u s e  
o f  th e  l a r g e s t  p o s s ib le  r e c e iv e  le n s  d ia m e te r  i s  recommended i n  o rd e r  
t o  b e n e f i t  from  th e  e f f e c t s  o f a p e r tu r e  a v e ra g in g  and to  f a c i l i t a t e  
i n i t i a l  l in k  l in e - u p .  Background r a d i a t i o n  can  be m in im ised  by 
u t i l i s i n g  s p a t i a l  and w a v e len g th  f i l t e r s .
b . The l i n e  o f s ig h t  l i n k  sh o u ld  be lo c a te d  a s  h ig h  above ground  as  
p o s s ib l e  and a s  f a r  away from  any l o c a l i s e d  so u rc e  o f h e a t  w hich m igh t 
g e n e r a te  tu rb u le n c e  i n  o rd e r  to  m in im ise  th e  e f e c t s  o f tu rb u le n c e  -  
in d u ce d  s c i n t i l l a t i o n .
c .  The t r a n s m i t t e r  power sh o u ld  be m axim ised f o r  th e  b e s t  o v e r a l l  
sy stem  p e rfo rm an ce .
d . System s sh o u ld  n o t be d e s ig n e d  to  o p e ra te  a t  u n n e c e s s a r i ly  h ig h  
b i t  r a t e s  u n le s s  maximum p e rfo rm an ce  i s  n o t a  m ajo r c r i t e r i o n .
1 0 .2  FURTHER WORK AREAS
D uring  th e  c o u rse  o f t h i s  s tu d y  a number of r e s e a rc h  a re a s  have been  
i d e n t i f i e d  w hich w ere n o t p a r t  o f th e  m ainstream  r e s e a rc h  a c t i v i t y  f o r  t h i s  
t h e s i s  and w hich i t  was n o t p o s s ib le  to  p u rsu e  i f  th e  m ain o b je c t iv e s  o f 
t h e  r e s e a rc h  work w ere to  be m et. T hese a r e a s  a re  l i s t e d  below  w ith  th e  
o b je c t  of p ro v id in g  g u id an ce  to  o th e r  r e s e a r c h e r s  w ish in g  to  s tu d y  t h i s  
f a s c i n a t i n g  s u b je c t :
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i  The e f f e c t  of d i f f e r e n t  cod ing  a rra n g e m e n ts  on th e  e r r o r  r a t e  
p e rfo rm a n c e  due to  tu rb u le n c e - in d u c e d  s c i n t i l l a t i o n .
i i  M easurem ents r e l a t i n g  to  th e  im provem ent i n  e r r o r  p r o b a b i l i t y  due 
t o  tu rb u le n c e  in d u ced  s c i n t i l l a t i o n  a s  a  r e s u l t  o f th e  a p e r tu r e  
a v e ra g in g  e f f e c t  a t  th e  r e c e iv e r .
i i i  More d e t a i l e d  s tu d y  o f th e  p h y s ic a l  p ro c e s s e s  in v o lv e d  i n  th e  
s a t u r a t i o n  r e g io n  o f th e  lo g  i r r a d ia n c e  v a r i a n c e /p a th  le n g th  
c h a r a c t e r i s t i c .
iv  T h e o r e t ic a l  a n a ly s i s  of th e  n a tu r e  of e r r o r s  due to  tu rb u le n c e  
in d u c e d  s c i n t i l l a t i o n  i e  s in g l e  e r r o r s / b u r s t  e r r o r  b e h a v io u r  e t c .
V  A more d e t a i l e d  and v a r ie d  a n a ly s i s  of th e  e f f e c t  on m agn itude  of 
o f d i f f e r e n t  ground s u r f a c e s .
2v i  M easurem ents o f u s in g  te m p e ra tu re  s e n s o rs  h a v in g  much 
f a s t e r  re s p o n s e  t im e s .
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APPENDIX 1
SYMBOLS USED IN PAPERS
(G reek  sym bols a re  shown to g e th e r  a t  th e  end o f th e  appen d ix )
Aj^ g^  image a r e a
Ap p h o to d e te c to r  s e n s i t i v e  a r e a
Aj^  e f f e c t i v e  r e c e iv e r  le n s  a re a
Ag e f f e c t i v e  o p t i c a l  e m i t t in g  a r e a  o f s o u rc e
Arj, e f f e c t i v e  t r a n s m i t t e r  le n s  a r e a
B e l e c t r i c a l  bandw id th  (m easured  i n  Hz)
Bq o p t i c a l  bandw id th  (m easured  in  m ic ro n s)
Bg s ig n a l  bandw id th  (m easured  i n  Hz)
2
a tm o sp h e ric  r e f r a c t i v e  in d ex  s t r u c t u r e  p a ra m e te r
2Cfj, te m p e ra tu re  s t r u c t u r e  p a ra m e te r
D ^ (r)  r e f r a c t i v e  in d ex  s t r u c t u r e  f u n c t io n
D g (r)  s t r u c t u r e  f u n c t io n  f o r  random v a r i a b le  R (r)
D ^ (r)  te m p e ra tu re  s t r u c t u r e  f u n c t io n
DR dynami c range
d te m p e ra tu re  s e n s o r  sp a c in g
dqi e f f e c t i v e  t r a n s m i t t e r  le n s  d ia m e te r
dg^  e f f e c t i v e  r e c e iv e r  le n s  d ia m e te r
d^  w ire  d ia m e te r
E pho to n  energy
e(=  q ) e l e c t r o n i c  charge
F a p e r tu r e  a v e ra g in g  sm ooth ing  f a c t o r
f  f o c a l  le n g th  of le n s
G in s ta n ta n e o u s  c h a n n e l g a in
G^ a n te n n a  g a in
n o rm a lise d  ch a n n e l g a in  = ; random c h a n n e l g a in  f a c t o r
Gq c h a n n e l g a in  i n  ab sen ce  of tu rb u le n c e
g d e te c to r  g a in
t ra n s c o n d u c ta n c e  of f i r s t  a m p l i f i e r  s ta g e
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C58609
P la n c k 's  c o n s ta n t  
i r r a d ia n c e  
^ a m p l i f i e r  n o is e  c u r r e n t
^ background n o is e  c u r r e n t
f i r s t  s ta g e  sem ic o n d u c to r  b a se  c u r r e n t  
f i r s t  s ta g e  sem ic o n d u c to r  c o l l e c t o r  c u r r e n t  
p h o to d io d e  d a rk  c u r r e n t  
Q r a d i a n t  i n t e n s i t y
s ig n a l  c u r r e n t  a t  p h o to d e te c to r  
s h o t n o is e  c u r r e n t  




K d e g re e s  K e lv in
2ir
k B o ltzm a n n 's  c o n s ta n t ;  a l s o  wavenumber = ------
X
L p a th  le n g th
Lq o u te r  s c a l e  of tu rb u le n c e
Lgg o p t i c a l  p a th  l o s s  due to  s c a t t e r i n g
t o t a l  o p t i c a l  p a th  lo s s  
1q i n n e r  s c a le  of tu rb u le n c e
N ’ r e f r a c t i v i t y
N (f)  s p e c t r a l  r a d ia n c e  f u n c t io n
N (X) background  o p t i c a l  n o is e  power
n r e f r a c t i v e  in d ex
P power; a tm o sp h e ric  p r e s s u r e  ( i n  m i l l i b a r s )
Py av e ra g e  background power i n c id e n t  on d e te c to r
P (e )  p r o b a b i l i t y  of e r r o r
PjgQ power d e n s i ty  of an i s o t r o p i c  a n te n n a
Pj^ a v e ra g e  s ig n a l  power i n c id e n t  on d e te c to r
P^ t r a n s m i t t e r  power
Pmy maximum power d e n s i ty  o f th e  t r a n s m i t t e d  r a d i a t i o n  p a t t e r n
max
q e l e c t r o n i c  charge  r e le a s e d  p e r  e l e c t r o n
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R r e s i s t a n c e
Rg so u rc e  r a d i a n t  i n t e n s i t y
Ry p h o to d io d e  lo a d  r e s i s t a n c e
SNR s ig n a l  to  n o is e  r a t i o
s s p e c i f i c  r e s i s t a n c e
T a b s o lu te  te m p e ra tu re  (d e g re e s  K e lv in )
Tg a tm o sp h e ric  t r a n s m i t ta n c e
t r a n s m i t ta n c e  of r e c e iv e  o p t ic s  
t  tim e
u d i s t a n c e  betw een  o p t i c a l  s o u rc e  and c e n t r e  of le n s
V v o l ta g e
V  o p t i c a l  fre q u e n c y
W w a v e len g th  (u se d  in  com puter program s in  l i e u  of X)
X lo g -a m p li tu d e  f l u c t u a t i o n
y s ta n d a rd  d e v ia t io n  f a c t o r  f o r  d e te rm in in g  c u m u la tiv e
p r o b a b i l i t y
« a t t e n u a t i o n  c o e f f i c i e n t ;  d e t e c t o r  c o n v e rs io n  f a c t o r
f r e e  sp a ce  a t t e n u a t i o n  c o e f f i c i e n t
8 th e rm a l c o n d u c t iv i ty
n p h o to d e te c to r  quantum  e f f i c i e n c y
s o l id  a n g le
i2g s o l i d  beam a n g le
f i e l d  of view
^  f i e l d  o f view  of r e c e iv e r
2
lo g -a m p li tu d e  v a r ia n c e
2 l o g - i r r a d i a n c e  v a r ia n c e
2
Gp beam w ander v a r ia n c e
6 beam s p re a d ; a ls o  te m p e ra tu re  c o - e f f i c i e n t  of r e s i s t a n c e
®g p la n a r  a n g le  beam w id th /beam  a n g le









Figure A2.1 A basic thermocoupie sensing circuit
APPENDIX 2
A COMPARISON OF TEMPERATURE SENSORS/TRANSDUCERS
1 THERMOCOUPLES
A th erm o co u p le  i s  form ed by j o in in g  (w e ld in g ) two d i s s i m i l a r  m e ta ls .  The 
r e s u l t i n g  j u n c t io n  g iv e s  r i s e  t o  an  e l e c t r i c  p o t e n t i a l ,  th e  p r e c i s e  
m ag n itu d e  of w hich i s  d ep en d en t on th e  te m p e ra tu re  of th e  j u n c t io n .  
V a r io u s  a l lo y s  a r e  used  to  c o n s t r u c t  th e  ju n c t io n  such  t h a t  v a r io u s  
te m p e ra tu re  ra n g e s  can  be c o n v e n ie n tly  m easu red , f o r  i n s t a n c e ,  th e  
te m p e ra tu re  c o e f f i c i e n t  f o r  a  t y p i c a l  Type J  th erm ocoup le  c o n s i s t in g  o f 
i r o n  and c o n s ta n ta n  i s  5 4 .1 4  m ic ro v o lts /® C . T ab le  A2.1 g iv e s  th e  
c o e f f i c i e n t s  f o r  v a r io u s  m e ta l  c o m b in a tio n s .





1 Chrome1 -  C o n s ta n ta n E 681 I ro n -  C o n s ta n ta n J ' 54
1 C opper -  C o n s ta n ta n T 45
1 Chrome1 -  Alumel K 38I P la tin u m -  P latinum /R hodium S 10
T herm ocouples would be c o n fig u re d  a s  shown in  F ig u re  A 2 .1 . The r e f e r e n c e  
j u n c t io n  th erm o co u p le  i s  h ig h ly  d e s i r a b l e  s in c e  o th e rw is e  t h e r e  w ould b e , 
i n  e f f e c t ,  a d d i t io n a l  th e rm o co u p le s  form ed a t  th e  j u n c t io n  o f th e  
th e rm o co u p le  w ire s  w ith  th e  m i l l i v o l t  m e te r  t e r m in a ls ,  r e s u l t i n g  i n  
p o s s ib ly  e r r a t i c  and in a c c u r a te  m easu rem en ts . Even w ith  r e f e r e n c e  and 
s e n s o r  th erm o co u p le s  a d d i t io n a l  th e rm o co u p le s  a re  s t i l l  form ed w here th e  
le a d s  j o i n  th e  m e ta l m e te r  t e r m in a ls ,  a lth o u g h  as lo n g  as  th e  te r m in a ls  a r e  
a t  th e  same te m p e ra tu re  th e  e f f e c t  can  be l a r g e ly  ig n o re d , s in c e  any 
p o t e n t i a l  p roduced  in  th e  j u n c t io n s  w i l l  be o f o p p o s ite  p o l a r i t y  and w i l l  
















Figure A2.2 A balanced thermocouple amplifier
The re a d in g s  o b ta in e d  on th e  v o l tm e te r  a r e  p r o p o r t io n a l  to  th e
d i f f e r e n c e  betw een  th e  r e f e r e n c e  and s e n s o r  th erm ocoup le  te m p e ra tu re s .  In
no rm al therm ocoup le  te m p e ra tu re  s e n s in g  in s t ru m e n ts  th e  r e f e r e n c e
th e rm o co u p le  i s  h e ld  a t  a  f ix e d  r e f e r e n c e  te m p e ra tu re . F or m easurem ent of 
2
th e  d i f f e r e n c e  re a d in g  i s  a l l  t h a t  i s  r e q u i r e d .
The v o l tm e te r  u sed  f o r  m easu rin g  th e  d i f f e r e n c e  v o l ta g e  m ust be 
s e n s i t i v e  enough to  d e te c t  changes o f th e  o r d e r  o f 1 m ic r o v o l t .  I t  fo llo w s  
t h e r e f o r e  t h a t  th e  v o l tm e te r  m ust be h ig h ly  s e n s i t i v e ,  have a s t a b l e  
d i f f e r e n t i a l  g a in ,  have a m o d e ra te ly  h ig h  in p u t  im pedance, w hich i s  l a r g e  
com pared w ith  th e  r e s i s t a n c e  v a lu e  o f th e  th erm ocoup le  l e a d s ,  and m ust have 
good common mode r e j e c t i o n  a t  50 Hz and good r a d io  f re q u e n c y  im m unity .
The c i r c u i t  of F ig u re  A2,2 i s  a  p r a c t i c a l  r e a l i s a t i o n  o f a  th erm o co u p le  
s e n s in g  a rra n g e m e n t. W ith t h i s  p a r t i c u l a r  a rran g em en t and u s in g  a low - 
o f f s e t  Op-amp a  d r i f t  of l e s s  th a n  1 m ic ro v o lt/® C  sh o u ld  be a t t a i n e d .
The th e rm a l n o is e  due to  th e  assum ed a m p l i f i e r  in p u t  r e s i s t a n c e  of 
1 megohm and assum ing a te m p e ra tu re  of 293°K and a  bandw id th  o f 1 kHz i s  
o f  th e  o rd e r  of 0 ,0 1 6  n a n o v o lt ,  w here rms th e rm a l n o is e  v o l ta g e  =
(4 k  TBR)^,
From th e  above i t  w ould a p p e a r  t h a t  th e  u s e  of th e rm o co u p le s  h a v in g  a s  th e y
do an  in h e r e n t  te m p e ra tu re  d i f f e r e n t i a l  m easurem ent c a p a b i l i t y  a r e  i d e a l l y
2s u i t e d  f o r  th e  m easurem ent of , Therm ocouples h a v in g  h ig h
te m p e ra tu re  c o e f f i c i e n t s  ( i e  ty p e s  J ,  K, T and E, a l l  o f w hich a r e  i n
e x c e s s  of 40 m ic ro v o lts /* C )  w ould i n  p r in c i p l e  g iv e  an  a d e q u a te  s e n s i t i v i t y
2f o r  th e  p u rp o se s  of m easu rem en ts . The b ig g e s t  p roblem  w ith
th e rm o co u p le s  i s  t h e i r  in h e r e n t  tim e  c o n s ta n t  w hich i s  g e n e r a l ly  o f th e
o r d e r  of a few se c o n d s . For t h i s  re a s o n  th e rm o co u p le s  a r e  n o t i d e a l  f o r  
2
u s e  i n  m easu rem en ts, a lth o u g h  th e y -m ig h t be a c c e p ta b le  i f  some
com prom ise can be made in  r e s p e c t  of th e  re sp o n se  tim e .
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Figure A2.3 Relative resistance (Rt/Rref) versus temperature 
for some pure metais
2 WIRE RESISTANCE THERMOMETERS
P la tin u m  i s  th e  commonest m e ta l to  be u sed  in  w ire  r e s i s t a n c e  te m p e ra tu re  
s e n s o r s  m ain ly  due to  i t s  l i n e a r  t e m p e r a t u r e / r e s i s ta n c e  c o e f f i c i e n t  of 
a b o u t 0.4%/®C w hich i s  a p p l ic a b le  o v e r  a  w ide te m p e ra tu re  ra n g e ,
( i e  -2 0 0  to  +1000°C) and i t s  suprem e s t a b i l i t y  w ith  tim e .
2
F or th e  p u rp o se s  of m easurem ent th e  s u p e rb  q u a l i t i e s  o f p la tin u m  
o v e r  such  a w ide te m p e ra tu re  ran g e  a r e  a c tu a l l y  u n n e c e ssa ry  and o th e r  
m e ta ls  such  as tu n g s te n ,  i r o n ,  n i c k e l ,  co p p er and s i l v e r  a r e  f u l l y  
a c c e p ta b le .
F ig u re  A2.3 shows th e  r e l a t i v e  r e s i s t a n c e  o f v a r io u s  commonly a v a i l a b l e  
m e ta ls  w hich m igh t be u sed  f o r  t h i s  p u rp o se .
W ire r e s i s t a n c e  te m p e ra tu re  s e n s o rs  have th e  ad v an tag e  t h a t ,  p ro v id e d  th e  
d ia m e te r  of th e  w ire  i s  sm a ll enough, th e  re s p o n s e  tim e can  be o f th e  o r d e r  
o f  a  few m i l l i s e c o n d s .
I t  can  be c a lc u la te d  t h a t  w ire s  h av in g  a d ia m e te r  o f l e s s  th a n  20 m ic ro n s
a r e  needed  i n  o rd e r  to  p ro v id e  a d e q u a te  tem p o ra l s e n s i t i v i t y  f o r  th e  needs 
2
o f  a  m easurem ent a p p a ra tu s .
3 CONCLUSIONS
In  a d d i t io n  to  th erm o co u p les  and r e s i s t a n c e  th e rm o m e te rs , t h e r m is to r s ,  
i n t e g r a t e d  c i r c u i t  bandgap te m p e ra tu re  s e n s o rs  and q u a r tz  c r y s t a l  s e n s o rs  
w ere  a l l  c o n s id e re d . Of a l l  th e s e  o p t io n s  th e rm o co u p le s  w ere c o n c e p tu a l ly  
t h e  m ost s u i t a b l e  a lth o u g h  th e y  do n o t have th e  h ig h  re s p o n s e  tim e s  o f f i n e  
w ir e  r e s i s t a n c e  th e rm o m e te rs . T ab le  A2.2 sum m arises th e  m ain f e a t u r e s  of 
each  m ethod. I t  was conc luded  t h a t  th e  b e s t  o p t io n  i n  th e o ry  was th e  u se  
o f  a f in e - w i r e  r e s i s t a n c e  s e n s o r  w ith  th e  u se  of th e rm o co u p le s  as  a 
p r a c t i c a l  a l t e r n a t i v e  sh o u ld  any d i f f i c u l t i e s  be e x p e r ie n c e d  i n  o b ta in in g  
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APPENDIX 3
THE MEASUREMENT OF USING FINE-WIRE RESISTANCE SENSORS
1 INTRODUCTION
A ppendix No. 2 d is c u s s e d  th e  v a r io u s  s e n s o rs  w hich m ight be u sed  f o r
2m ea su rin g  th e  a tm o sp h e ric  r e f r a c t i v e  in d e x  s t r u c t u r e  p a ra m e te r , C^ .
I n  th e  c a se  of th e  f i n e  w ire  o p t io n  i t  was c a lc u la te d  t h a t  i n  o rd e r  to  
o b t a in  th e  f a s t  re sp o n se  tim e of 0 .5  ms o r  l e s s ,  a  P la tin u m  r e s i s t a n c e  w ire  
h a v in g  a d ia m e te r  o f 20 vm o r  l e s s  was r e q u i r e d .  T h is  ap p en d ix  d is c u s s e s  
th e  p roblem s a s s o c ia te d  w ith  o b ta in in g  P la tin u m  r e s i s t a n c e  w ire  h a v in g  such  
a s m a ll d ia m e te r .  The work d is c u s s e d  in  t h i s  ap pend ix  form ed a fu n d am en ta l 
p a r t  of th e  p r a c t i c a l  p a r t  o f t h i s  r e s e a rc h  w ork.
2 PLATINUM RESISTANCE WIRE
2 .1  GENERAL
O b ta in in g  P la tin u m  r e s i s t a n c e  w ire  h a v in g  a  v e ry  sm a ll d ia m e te r  i s  f a r  from  
e a s y .  Two ap p ro ach es  w ere c o n s id e re d  v i z ; -
i  To o b ta in  w ire  h a v in g  a  nom inal d ia m e te r  of say  1 mm and d raw ing
i t  down to  th e  r e q u i r e d  d ia m e te r .
i i  To u se  W oolaston  w ire  w hich c o n s i s t s  o f f i n e  P la tin u m  w ire  c o a te d  
i n  S i lv e r  to  b r in g  th e  o v e r a l l  d ia m e te r  up to  a  h a n d le a b le  125 pm.
A pproach ( i )  w h i l s t  f e a s i b l e  i n  p r in c i p l e  was th o u g h t to  be d i f f i c u l t  i n
t h a t  c lo s e  c o n t r o l  o f th e  d ia m e te r  was l i k e l y  to  be a p ro b lem . I n  a d d i t io n
i t  was th o u g h t t h a t  i t  would n o t be p o s s ib le  to  a p p ly  an  a d e q u a te  t e n s io n  
t o  th e  drawn w ire  f o r  th e  p u rp o se s  o f d ia m e te r  c o n t r o l  b e c a u se  th e  w ire
d ia m e te r  o f i n t e r e s t  would be such  as to  be in c a p a b le  of w i th s ta n d in g  th e
r e q u i r e d  t e n s io n .
A pproach ( i i )  ap p eared  to  b e , i n  p r i n c i p l e ,  a  f a i r l y  v ia b le  ap p ro ach  
a lth o u g h  i t  was re c o g n is e d  t h a t  some c a re  would be r e q u i r e d  i n  h a n d lin g  
su ch  a f i n e  w ire .
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2 .2  WOOLASTON WIRE
The p ro cu rem en t of W oolaston  w ire  was n o t found to  be a t  a l l  e a sy . I t  
t r a n s p i r e d  t h a t  i t  i s  i n  f a c t  a  h ig h ly  s p e c i a l i s e d  ty p e  of w ire  w hich i s  
l i t t l e  u s e d . E v e n tu a l ly  th e  fo llo w in g  s u p p l i e r  o f s p e c i a l i s t  m a te r i a l s  f o r  
r e s e a r c h  and in d u s t r y  was d isc o v e re d  
G oodfellow  M eta ls  L td  
Cam bridge S c ie n c e  P a rk  
M ilto n  Road 
Cam bridge CB4 4DJ
T h is  s u p p l i e r  o f f e r s  W oolaston  w ire  h a v in g  d ia m e te rs  as l i t t l e  a s  0 .0 0 1  mm. 
A l l  th e  s i z e s  below 0 .0 2  mm w ere e x p e n s iv e  and i n  e x c e s s  o f £150/m .
A f t e r  some c o n s id e r a t io n  o f th e  a v a i l a b l e  d a ta  a com prom ise betw een  
t e c h n i c a l  re q u ire m e n ts  and c o s t  r e s u l t e d  i n  th e  c h o ic e  o f th e  0 .0 1 0  mm 
W oolaston  w ire  f o r  u se  i n  t h i s  work (O rd er  Code PT005102).
2 .3  REMOVAL OF SILVER OUTER LAYER FROM WOOLASTON WIRE 
A number of d i f f e r e n t  ap p ro ach es  w ere t r i e d
i  Use of c o n c e n tra te d  n i t r i c  a c id
The W oolaston  w ire  was bonded to  two co p p e r p o s ts  u s in g  s i l v e r  lo a d e d  
epoxy a d h e s iv e  such  t h a t  t h e r e  was 10 mm of w ire  betw een  th e  p o s t s .  
N o te  t h a t  i t  was n o t p o s s ib le  to  c o i l  th e  w ire  w ith o u t a  fo rm er and 
s in c e  i t  was th o u g h t t h a t  a fo rm e r would u p s e t  th e  r e s u l t s  th e  
W oolaston  w ire  was k e p t  s t r a i g h t .  The co p p e r p o s ts  w ere  n o m in a lly  
50 mm i n  le n g th  and w ere s o ld e re d  to  th e  p in s  of a  c o n n e c to r  a t  one 
e n d .
The W oolaston  w ire  betw een th e  co p p e r p o s ts  was th e n  i n s e r t e d  i n  a 
s m a ll  p o o l o f c o n c e n tra te d  n i t r i c  a c id .  U n fo r tu n a te ly  th e  w ire  b roke  
e a ch  tim e t h i s  te c h n iq u e  was t r i e d  even when no a tte m p t was made to  
remove th e  w ire  from  th e  a c id .  C le a r ly  th e  u s e  of c o n c e n tra te d  n i t r i c
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a c id  r e s u l t e d  i n  th e  e tc h in g  p ro c e s s  o c c u r r in g  so  r a p id ly  t h a t ,  even 
th o u g h  th e  w ire  was u n d e r m inim al t e n s io n ,  i t  snapped  e v e ry  t im e .
i i  Use o f d i l u t e  n i t r i c  a c id
As i n  ( i )  above b u t d i l u t e  n i t r i c  a c id  was u sed  in s te a d  o f 
c o n c e n t r a te d  n i t r i c  a c id .  As was to  be e x p e c te d  th e  e tc h in g  p ro c e s s  
to o k  c o n s id e ra b ly  lo n g e r  w ith  th e  d i l u t e  n i t r i c  a c id  b u t s t i l l  th e  
W oolaston  w ire  snapped  as soon  a s  a l l  th e  s i l v e r  had been  e tc h e d  away. 
A gain  t h i s  o c c u rre d  w ith o u t any movement o f th e  w ire  o r  th e  s u p p o r t in g  
s t r u c t u r e .
I t  was conc luded  t h a t  th e  e tc h in g  p ro c e s s  d id  n o t y i e l d  a d e q u a te  
c o n t r o l  and t h a t  a lth o u g h  th e r e  was m inim al t e n s io n  on th e  w ir e ,  th e  
t e n s io n  was s t i l l  s u f f i c i e n t  to  r e s u l t  i n  th e  w ire  b e in g  sn a p p ed .
i i i  E l e c t r o l y t i c  rem oval of th e  s i l v e r  from  W oolaston  w ire
An e l e c t r o l y t i c  s o lu t io n  was form ed by d i s s o lv in g  10 gm o f s i l v e r
n i t r a t e  (Ag NOg) i n  50 mis o f w a te r .  The W oolaston w ire  e le m en t was
im m ersed i n  th e  e l e c t r o l y t e  and c o n s t i t u t e d  th e  anode . A 2 .5  mm^
c o p p e r w ire  was employed as  th e  c a th o d e . A 6v dc su p p ly  was em ployed
r e s u l t i n g  in  a c u r r e n t  flow  of a p p ro x im a te ly  lA . The s i l v e r  c o a t in g
from  th e  W oolaston  w ire  was r a p id ly  removed w i th in  ab o u t one m in u te .
However th e  h ig h  c u r r e n t  flow  r e s u l t e d  i n  th e  P la tin u m  w ire  f u s in g .
I n  f a c t  c a lc u la t io n s  in d ic a te d  t h a t  th e  e l e c t r o l y t i c  c u r r e n t  m ust n o t
ex ceed  0 .0 2 2  yA in  o rd e r  to  a v o id  fu s in g  o f th e  w ire  and t h a t  th e  tim e
needed  f o r  th e  s i l v e r  to  be f u l l y  removed from  th e  W oolaston  w ire  w ith
t h i s  c u r r e n t  would n o t be l e s s  th a n  19 x 10^ h o u rs , o r  a p p ro x im a te ly
2146 y e a r s .  T h is  was c a lc u la t e d  u s in g  th e  fo rm u la
w e ig h t o f s i l v e r
Time f o r  s i l v e r  to  d i s s o lv e  = ----------------------------------------------
c u r r e n t  x e le c t r o - c h e m ic a l  
e q u iv  f o r  s i l v e r
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I t  i s  th e r e f o r e  conc luded  t h a t  e l e c t r o l y s i s  i s  n o t a  p r a c t i c a b l e  means 
f o r  o b ta in in g  te n  m icron  p la tin u m  w ire  from  W oolaston  w ire .
2 .4  CALCULATION OF CONDUCTOR DIMENSIONS
The th e rm a l re s p o n s e  c h a r a c t e r i s t i c  as  h e a t  p a s s e s  from  th e  o u t e r  s u r f a c e  
t o  th e  c e n t r e  of th e  w ire  fo llo w s  an e x p o n e n tia l  cu rv e  o f th e  fo rm :-
T% -  Ti = 1 -  (A 3 .1)
w here ^2 ~ ~ change i n  te m p e ra tu re  a t  o u te r  s u r f a c e
t  = re s p o n s e  tim e of w ire  to  99% o f te m p e ra tu re  change
3 = th e rm a l c o n d u c t iv i ty  o f w ire  i n  w a t ts /s e c o n d
à.^ /2 ~ r a d iu s  o f w ire
Now th e  e q u iv a le n t  change in  r e s i s t a n c e  due to  th e  te m p e ra tu re  change 
T2 -  Tj^  i s  g iv e n  b y : -
Rg -  Rj = GCTg -  T^) (A 3 .2)
w here Rg -  Rj = change in  r e s i s t a n c e  o f w ire  p e r  u n i t  l e n g th
0 = te m p e ra tu re  c o e f f i c i e n t  of r e s i s t a n c e  of w ire
Com bining E x p re ss io n s  (A 4.1) and (A 4.2) r e s u l t s  i n : -
Rg -  Rq = 0(1 _ (A 3 .3)
E q u a tio n  (A 3 .3) i s  th e  c h a r a c t e r i s t i c  w hich r e l a t e s  th e  change i n
r e s i s t a n c e  to  w ire  d ia m e te r .  T h is  e x p re s s io n  can  be r e - a r r a n g e d  to  make
d e te r m in a t io n  o f w ire  d ia m e te r  e a s i e r  a s  f o l l o w s : -
2 t  3
lo g  (R2 -  R j) = lo g  0 +  lo g  e
^w
2 t  3
 lo g  e = lo g  (R2 -  R j) -  lo g  0
' ^w
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lo g  e
lo g  (R2 -  R j) -  lo g  0
d* = 2 t G ------------------------------------- (A 3 .4)
0 .8 8  t  3
= ------------------------------------- (A 3.5)
lo g  (R2 -  R j) -  lo g  0
As an exam ple P la tin u m  w ire  h as  th e  fo llo w in g  c h a r a c t e r i s t i c s  
3 = 0 .6 9  w a tts /c m /°C  
0 = 0 .3 8 5  ohms/°C
I f  i n  p r a c t i c e  we have a 2°C te m p e ra tu re  change and a r e q u i r e d  re s p o n s e  
tim e  of 2 ms t h e n : -
Rg -  Rj = 0 X  2°C = 0 .7 7  ohms 
and t  = 2 X  10” ^ seconds
Hence th e  maximum w ire  d ia m e te r  i n  t h i s  in s t a n c e  i s  g iv e n  b y ; -  
0 .8 8  X. 2 X  10*3 X  0 .6 9
dw -----------------------------------------
lo g  0 .7 7  -  lo g  0 .385  
= 17 .5  ym
2 .5  CONCLUSIONS REGARDING USE OF WOOLASTON WIRE
I t  i s  co nc luded  t h a t  a lth o u g h  in  p r i n c i p l e  th e  u se  o f W oolaston  w ire  
a p p e a re d  to  be v e ry  a t t r a c t i v e ,  i n  t h a t  i t  m eets  th e  v a r io u s  p r e s c r ib e d  
r e q u ir e m e n ts ,  in  p r a c t i c e  i t  i s  n o t a  v i a b l e  p r o p o s i t io n  due t o : -
-  th e  c o n s id e r a b le  d i f f i c u l t y  in  e x p o s in g  th e  b a re  p la tin u m  w ire
-  th e  d i f f i c u l t y  in  overcom ing th e  in h e r e n t  f r a g i l i t y  o f m icron  s i z e
p la t in u m  w ire .
I t  i s  conc luded  t h e r e f o r e  t h a t ,  f o r  th e  p u rp o se s  o f t h i s  r e s e a rc h  w ork, 
th e rm o co u p le s  a re  i n  f a c t  a  more p r a c t i c a l  ap p ro ach  and p ro v id e  an 
a c c e p ta b le  l e v e l  o f p e rfo rm a n c e .
179
100.0
Temp = 20°C  
Air pressure =  1020 mB 
•Air velocity =  6.5ft/s4;4  
















Figure A4.1 Time constant for various diameters of 
thermocouple wire
APPENDIX 4
THE MEASUREMENT OF USING THERMOCOUPLE SENSORS
1 GENERAL
A ppendix 2 d is c u s s e d  th e  v a r io u s  o p t io n s  f o r  a  te m p e ra tu re  s e n s o r  h av in g  
t h e  p r e s c r ib e d  p e rfo rm an ce  c h a r a c t e r i s t i c s .  I n  v iew  of th e  la c k  o f s u c c e s s
w i th  W oolaston  w ire  ( s e e  A ppendix 3) th e  u s e  o f th e rm o co u p le s  i s  c o n s id e re d
2
t o  be th e  m ost p r a c t i c a l  ap p ro ach  f o r  th e  m a jo r i ty  of m easu rem en ts .
2 EVALUATION OF COMMERCIALLY AVAILABLE THERMOCOUPLES 
T herm ocouples a r e  com m erc ia lly  a v a i l a b l e  i n  th e  fo llo w in g  ra n g e s :
T em p era tu re  ran g e
C opper/C onst a n t an
I ro n /C o n s t a n t an
Chrome1 / C o n s ta n ta n
Chrome1 /Alum el
P la tin u m  w ith  Rhodium/ 
P la tin u m









A ll  th e s e  th e rm o co u p le s  
a r e  a d e q u a te  f o r  th e  
nom inal am b ien t ran g e  
0 -  + 30° C
i i  S e n s i t i v i t y
The fo llo w in g  fo u r  ty p e s  have th e  b e s t  s e n s i t i v i t i e s  
Chrome1 /Cons t  a n t  an E 68 uV/°C
I ro n /C o n s t a n t an J  54 pV/°C
C opper/C onst a n t an T 45 pV/°C
C hrom el/A lum el K 38 yV/°C
i i i  Time C o n s ta n t vs D iam eter of B are  Therm ocouple W ire
A g rap h  of tim e c o n s ta n t  vs d ia m e te r  of b a re  therm o co u p le  w ire  has  
b e e n  p re p a re d  u s in g  e m p i r ic a l ly  d e r iv e d  d a ta  from  m a n u f a c tu r e r s ’ 
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Figure A.4.3 Basic Cn  ^measuring circuit configuration
th e rm o c o u p le s . As would be e x p e c te d  th e  tim e  c o n s ta n t  f o r  a  g iv e n  
w ire  d ia m e te r  d e c re a s e s  as th e  v e lo c i ty  of th e  a i r  s u rro u n d in g  th e  
th e rm o co u p le  i n c r e a s e s .  The tim e c o n s ta n t  shown i s  f o r  a  63% change
o f  th e  t o t a l  m easured  o u tp u t  v o l ta g e  f o r  a  g iv e n  change in
te m p e ra tu re .  I n s p e c t io n  o f th e  g ra p h  shows t h a t  to  o b ta in  a  tim e 
c o n s ta n t  of l e s s  th a n  100 ms r e q u i r e s  a  th erm o co u p le  w ire  d ia m e te r  of 
l e s s  th a n  0 .0 0 5  in c h e s .
3 PREFERRED TYPE OF THERMOCOUPLE
G iven th e  d a ta  i n  P a ra  2 above th e  re q u ire m e n ts  f o r  a  p r e f e r r e d  ty p e  of
th erm o co u p le  f o r  th e  m easurem ent o f th e  a tm o sp h e r ic  r e f r a c t i v e  in d ex
s t r u c t u r e  p a ra m e te r  u s in g  te m p e ra tu re  s e n s o rs  a r e : -
Type : exposed  b u t t  w elded
M e ta l:  C h ro m el/C o n stan tan  (Type E)
( f o r  maximum s e n s i t i v i t y )
S iz e :  0 .005  in c h e s  ( f o r  minimum tim e c o n s ta n t )
A s u i t a b l e  therm ocoup le  m ee tin g  th e s e  r e q u ire m e n ts  i s  th e  Omega E n g in e e r in g
I n c  Type SCPSS-020E-6.
4 DESIGN OF THERMOCOUPLE AMPLIFIER AND ASSOCIATED ELECTRONICS FOR . 
MEASUREMENT OF ATMOSPHERIC REFRACTIVE INDEX STRUCTURE PARAMETER
A b lo ck  d iagram  show ing th e  c o n f ig u r a t io n  o f th e  a m p l i f i e r  and a s s o c ia te d
e l e c t r o n i c s  i s  shown i n  F ig u re  A 4 .2 .
In p u t  D a ta :
Therm ocouple s e n s i t i v i t y  50 iV/®C
E x p ec ted  max temp change 2®C
Max I / p  v o l ta g e  a t  amp l / P  50 ]N
T herm ocouple im pedance c .  25 ohms
O utpu t D ata :
V o ltag e  f o r  f u l l  s c a le  d e f e c t io n  5V
A m p lif ie r  0 /P  im pedance 50 /75  ohms
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R e q u ir e d  A m p l i f ie r  C h a r a c t e r i s t i c s :
5V 
50 uV
Power G ain  = 50 dB
C losed  Loop V o ltag e  G ain   ----------   10^ = 100 dB
I n p u t  im pedance »  therm o co u p le  im pedance (25 ohm) 
= say  1 kohm
O u tp u t im pedance = 50 ohms
F i r s t  S ta g e  D esign :
B a s ic  c i r c u i t  c o n f ig u r a t io n  -  s e e  F ig u re  A 4 .3 .
C a lc u la t io n  o f r e s i s t o r  v a lu e s  f o r  f i r s t  s t a g e : -  
Rp
Vo = — —  (Vm — Vi)
%




Z in  = R  ^ + Rp
i f  Rp » R ^
Z in  = Rp 
i f  Rj = 1 kohm 
th e n  Rp = 10^ ohm
T h is  v a lu e  of Rp i s  im p r a c t ic a l ly  h ig h  and s u g g e s ts  t h a t  a  two s ta g e  
a m p l i f i e r  i s  r e q u i r e d .
o
L e t each  s ta g e  have e q u a l v o l ta g e  g a in  of 3 x 10 
th u s  i f  R  ^ = R2 = 1 kohm
th e n  Rp = Rg = 300 kohm
and Z in  = 300 kohm
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E q u iv a le n t  In p u t N o ise  V o lta g e :
I f  op . amp has equ iv  l / P  n o is e  v o l ta g e  o f 5nV /(H z)^ and 3 dB bandw id th  of 
10 kHz th e n :
n o is e  v o l ta g e  = 5 x 10” ^ x 10^ = 0 .5  iV
50 iV
Thus max s ig n a l  to  n o is e  = ----------  = 100 = 40 dB
0 .5  vV
say  1 vV
m in s ig n a l  to  n o is e   -------------------   2 = 6 dB
0 .5  W
N ote: The l a t t e r  i s  c l e a r l y  somewhat lo w er th a n  i s  d e s i r a b le  hence
c o n s id e r a t io n  w i l l  be g iv e n  to  re d u c in g  e f f e c t i v e  n o is e  bandw id th  to  
c .  1 kHz.
Second S ta g e  D esign
B a s ic  C i r c u i t  C o n f ig u ra t io n  -  See F ig u re  A 4 .3 .
C a lc u la t io n  o f r e s i s t o r  v a lu e s  f o r  second  s t a g e : -
Re
—  = 300 ( i e  r e q u i r e d  v o l ta g e  g a in )
,
i f  = 1 kohm
th e n  R^ = 300 kohm
6R^ R  ^ 300 .10
R4 + %  301 .10^
C hoice o f O p e ra tio n a l  A m p lif ie r  
F i r s t  S tag e
R equ irem en ts  f o r  f i r s t  s t a g e : -
-  Low n o is e  ( e q u iv a le n t  l / P  n o is e  v o l ta g e  5n V /(H z)^ )
-  Good te m p e ra tu re  s t a b i l i t y  ( l / P  o f f s e t  v o l ta g e  temp c o e f f )
-  I n t e r n a l  com pensa tion
S u i ta b le  ty p e  = NE 5534P
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S eco n d  S ta g e
R eq u irem en ts  f o r  second  s ta g e
-  Good te m p e ra tu re  s t a b i l i t y  ( l / P  o f f s e t  v o l ta g e  temp c o e f f )
-  I n t e r n a l  com pensa tion
S u i ta b le  ty p e  = SN 72741 o r  e q u iv  
Mean S quare  C i r c u i t
The o u tp u t  from  th e  second  s ta g e  o p e r a t io n a l  a m p l i f i e r  i s  fe d  to  a  mean 
s q u a re  c i r c u i t  i n  o rd e r  to  g e n e ra te  th e  e l e c t r i c a l  a n a lo g u e  of
( t i “ t 2 ) ^ .  The mean sq u a re  c i r c u i t  u sed  was a s ta n d a rd  d e s ig n , w ith  
th e  mean v a lu e  of th e  sq u a re d  s ig n a l  b e in g  g e n e ra te d  o v e r  a  tim e  c o n s ta n t  
w hich  c o u ld  be a d ju s te d  i n  s te p s  w i th in  th e  ran g e  1-100 se c o n d s .
M is c e lla n e o u s  P o in ts
Supply  V o ltag e  min + 5V 
max 15V
b a t t e r y  su p p ly  ( t o  a v o id  n o is e  from  power u n i t )
5 CONCLUSIONS
T h is  ap pend ix  has  g iv e n  p r a c t i c a l  d e t a i l s  f o r  th e  d e s ig n  o f an in s t ru m e n t
2f o r  th e  m easurem ent of C^ u s in g  th e rm o co u p le s  as  th e  te m p e ra tu re
s e n s in g  e le m e n ts . The in s tru m e n t was c o n s tr u c te d  as  p a r t  o f t h i s  p r o je c t
2
i n  l i n e  w ith  t h i s  ap pend ix  and u sed  to  o b ta in  th e  m easurem ents o f C^ 
r e p o r te d  i n  C h a p te rs  7 and 8 .
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MISCELLANEOUS EXPRESSIONS USED IN EQUATIONS 
(S e e  Appendix 1 f o r  m eaning of sym bols)
APPENDIX 5
D e te c to r
c o n v e rs io n
f a c t o r hv
P h o to c u r r e n t
nqP
Av. n o . of pho to n s






2 2 2 
C t > + S h o t  > + S  >
SNR @ O/P of d e te c to r  
(am p. n o is e  n e g l i g ib l e )
v>
4 m  + 
R
2 2L o g - i r  r a d ia n c e  v a r ia n c e ,  Oj^  = 4
o r  aj = 20^
= 4 < [ InA - < lnA>] >
2 2 L o g -a m p litu d e  v a r ia n c e ,  or = < [InA - < lnA>] >
L o g -a m p litu d e  f l u c t u a t i o n ,  x  = In A -< lnA>
< x ^ > =  < [ ln A -<  lnA>]^ >






( a f t e r  M id d le to n  [A 6 .1 ])
G iven a random v a r i a b le  x , we can  d e f in e  th e  c h a r a c t e r i s t i c  f u n c t io n ,
F x (j v ), t o  be th e  mean v a lu e :
F ^ (j v) = <e^  (A 6.1)
2
P ro v id e d  t h a t  x i s  norm al w ith  mean <x > and v a r ia n c e  , th e n  we can  
u s e  th e  fo llo w in g  s ta n d a rd  r e s u l t  [A 6 .1 ]:
-  o ^ \? /2
F^.(j v) = e3 e (A 6.2)
I f  we e v a lu a te  e x p re s s io n  (A 6 .1) f o r  th e  c a s e  j v  = 1 , we o b ta in
< e^> =  F ^ ( l )  (A 6 .3)
H ence, u s in g  e x p re s s io n  (A 6.3) and w ith  j v  = 1 and = -1  i n s e r t e d  i n  




R e fe re n c e : [A 6.1] M id d le to n  D ’ I n t r o d u c t io n  to  s t a t i s t i c a l  com m unications
th e o r y ’ , M cG raw -H ill, 1960
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APPENDIX 7
DERIVATION OF RECEIVED POWER
I t  i s  assum ed t h a t  th e  s o u rc e  i s  an LED and i s  t h e r e f o r e  d i f f u s e  and h a s  a  
r a d i a t i n g  a r e a  Ag. I t  i s  f u r t h e r  assum ed t h a t  Ag i s  la r g e  enough such 
t h a t  th e  t r a n s m i t t e r  i s  n o t d i f f r a c t i o n  l im i t e d .  F urtherm ore i t  i s  a ssu m ed  
t h a t  th e  r a d i a n t  i n t e n s i t y  1^ i s  c o n s ta n t  f o r  a l l  th e  l i g h t  c o l l e c t e d  by  
t h e  t r a n s m i t t e r  l e n s .  The l a t t e r  h a s  an  e f f e c t i v e  a p e r tu r e  a r e a  A  ^ a n d  a  
f o c a l  l e n g th  f .  The r e c e iv e r  i s  lo c a te d  à d i s t a n c e  L from th e  t r a n s m i t t e r  
and  h as  an  e f f e c t i v e  a p e r tu r e  a r e a  A^ .^ I t  i s  f u r t h e r  assumed t h a t  a l l  
t h e  r e c e iv e d  l i g h t  i s  fo c u s s e d  o n to  th e  a c t i v e  r e g io n  of the  
p h o to - d e t e c to r .
U sing  b a s ic  o p t i c a l  th e o ry  th e  d i s t a n c e  betw een  th e  LED s o u rc e  and t h e  
c e n t r e  of th e  t r a n s m i t t e r  l e n s ,  u , i s  g iv e n  b y : -
1 1 1 1  
u  f  L f
I n  o rd e r  to  m axim ise th e  r e c e iv e d  power an  image of th e  s o u rc e  s h o u ld  be 
form ed i n  th e  p la n e  of th e  r e c e iv e d  a p e r tu r e  and th e  image a r e a  A^ j^^  i s  
g iv e n  b y : -
The power c o l l e c t e d  by th e  t r a n s m i t t e r  le n s  P^ i s  g iv e n  b y : -
Now assum ing t h a t  th e  image of th e  so u rc e  more th a n  f i l l s  th e  re c e iv e
A r
a p e r tu r e  a r e a ,  th e  f r a c t i o n  o f P,j, w hich re a c h e s  th e  d e te c to r  i s  — .
The r e c e iv e d  power Pg^  i s  g iv e n  b y : -
4 m
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? !  Aj^  P.J, Aj^  f 2  ^




w here R_ = - -  i s  th e  r a d ia n c e  of th e  so u rc e
4
T y p ic a l ly  f o r  R = 0 .1  W/mm / s r  = 10 W/m / s r
Arj, = Aj^  = 7 .9  X  10*”^ m 2  ( i e  d  = 0 .1  m )  
L = 1 km
1 0 ^  X  (7 .9  X  1 0 " 3 ) 2
i n  w hich c a se  Pp  -----------------
^  10-6
= 6 . 2  X 1 0 - 6  W
= 6 .2  uW
Now th e  above does n o t ta k e  i n to  a c co u n t a tm o sp h e ric  lo s s e s  due to  
a b s o r p t io n  e t c .  To a llo w  f o r  such  lo s s e s  th e  a tm o sp h e r ic  a t t e n u a t i o n  
c o e f f i c i e n t ;  «, needs to  be in c lu d e d  i n  th e  above e x p re s s io n ;  th e  f a c t o r  
b e in g  g iv e n  by (a s  p e r  s ta n d a rd  t r a n s m is s io n  th e o ry )  e""*^.
Thus th e  e x p re s s io n  f o r  Pg^  now beco m es:- 
R Aj, A^ . e “ *^
T y p ic a l ly  « i s  0 .1  p e r  km f o r  th e  a tm o sp h ere  a t  s e a  l e v e l  and w ith  no 
p r e c i p i t a t i o n  ( i e  r a i n  o r  snow) a t  a  w a v e len g th  in  th e  n e a r  i n f r a  re d  r e g io n  
i e  c . l  v*n. The f a c t o r  e i s  t h e r e f o r e  t y p i c a l l y  0 .9  f o r  L = 1000 m.
R e fe re n c e :
[A7.1] Gower J  " O p t ic a l  Com m unication S y stem s", P r e n t i c e  H a l l ,  1984
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APPENDIX 8
CALCULATION OF LED RADIANT INTENSITY
T o ta l  o p t i c a l  power p roduced  by LED = 70 mW @ 100 mA
T o ta l  o p t i c a l  power e m itte d  i n to  a i r  = P ,^ = n ( l/q )E
F o r a t y p i c a l  exam ple w here
"n  = 0 . 0 1 2
E = 1 .4  eV (p h o to n  en erg y  = hv/X )
I  = 0 .5 3  mW/sr
—19q = 1 .6  X 10 Coulombs
Now i f  Ag = 6 .2 5  x  10 m^ (c o r re s p o n d in g  to  a  d ia m e te r  o f 50ym)
I  2
Then R_ = —  = 0 .27  W/mm / s r
As
0 .0 1 2  X 0 .5 3  X 2 .2  x lO"^^
= 8 .7  mW
P^ 8 .7 X 10"^
and r a d i a n t  i n t e n s i t y  R = —  =  - - -
A g  i r x  ( 2 5  X 1 0 T ° ) 2
= 1 .0  X 10^ W /m ^/sr
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APPENDIX 9
CALCULATION OF BACKGROUND OPTICAL NOISE POWER
As d is c u s s e d  i n  C h ap te r 1 background  n o is e  i s  of two m ain ty p e s ,  d i f f u s e  
and  p o in t  s o u rc e . The fo rm er i s  r e p r e s e n te d  by th e  sk y , and s t a r s  and th e  
su n  a r e  r e p r e s e n t a t i v e  o f th e  l a t t e r .
The background  n o is e  power f o r  a  d i f f u s e  background  i s  c a lc u la te d  as 
f o l lo w s :
K e rr  [A9.1] h a s  e s ta b l i s h e d  t h a t  th e  background n o is e  pow er, P ^ , i s  g iv e n  
b y : -
Pb = A% OR B„N( X)
The background  s h o t n o is e  c u r r e n t ,  l y ,  i s  g iv e n  b y : -  
2<I^  n BoPy 
hv
and hence  ly  = 2q^ n Ap^  ^  N( X)/hv
F o r a  t y p i c a l  exam ple w h ere : -  
q = 1 .6  X  10” ^^ 
n = 0 .6
Aj^  = 7 .9  X  10"^m^ ( f o r  d = 0 .1  m)
^  = 10~^ ra d
O p t ic a l  BW = Bq = 0 .5  im
N( X) = 30 W /m ^/sr/pn  BW
Then t y p i c a l l y  Py = A% (^.B ^.N ( X)
= 7 .9  X  10"^ X  10” ^ X  0 .5  X  10” ^ x 30 
= 1 .2  X  10~^^ W atts
R e fe re n c e :
[A 9.1] K err J  R P ro c  IEEE Vol 55 pp 1686-1700 Oct 1967
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APPENDIX 10
CALCULATION OF SHOT NOISE TERM
Shot n o is e  h as  been  w e l l  docum ented [A lO .l]  and th e  mean sq u a re  s h o t n o is e  
c u r r e n t  f o r  a  PIN d io d e  i s  g iv e n  b y : -
2qTi£ (A lO .l)
w here I  = Ip  + Ig  (A 10.2)
t h e r e f o r e  > = 2q [ Ip  + 1^] = 2q ( Ip  + 1^) B (A 10.3)
w here Ip  = s ig n a l  p h o to c u r r e n t
I q = p h o to d io d e  d a rk  c u r r e n t  
Tq
Now I  = —  . Pg^  (A 10.4)
hv
w here Pg i s  th e  r e c e iv e d  o p t i c a l  s ig n a l  power a t  th e  d e t e c to r .
T y p ic a l ly  I q = 10”  ^ A f o r  PIN d io d e s .
B ut background  r a d i a t i o n  w i l l  a ls o  c o n t r ib u te  to  s h o t  n o is e  and h ence  th e
te rm  Ig  m ust be in c lu d e d  i n  e q u a tio n  (A 10.3) w here 
nq
I b = —  . Pb (A 10.5)
hv
Thus th e  co m p le te  e x p re s s io n  f o r  s h o t n o is e  i n  a  2 M b it/s  d i r e c t  m o d u la tio n
o p t i c a l  l i n e  of s ig h t  system  u s in g  a PIN p h o to d io d e  i n  th e  r e c e iv e r  i s
g iv e n  b y : -
n ( nq Tq )
> = 2qB ( —  . Pg + —  . Pg + Ig ) (A 10.6)
( hv hv )
( nq )
= 2qB ( —  (Pg + Pg) + Ig  ) (A 10.7)
( hv )
R e fe re n c e :
[A lO .l]  Gower J  " O p t ic a l  Com m unications S y stem s", P r e n t i c e  H a l l ,  1984
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APPENDIX 11
CALCULATION OF SHOT NOISE LIMIT
E q u a tio n  (A 10.7) i n  A ppendix 10 g iv e s  th e  e x p re s s io n  f o r  s h o t n o i s e .  I n  a 
s h o t  n o is e  l im i te d  sy s tem , th e  s h o t n o is e  i s ,  by d e f i n i t i o n ,  th e  dom inant 
n o i s e  s o u rc e  and th e  o th e r  n o is e  s o u rc e s  may be ig n o re d  hence
SNR = ( A l l . l )
( nq )
2qB ( —  (P r + Py) + I d ) 
( hv )
( nq )
<I >"• = SNR X 2qB ( —  (P g  + Pg) + Ig  ) 
( hv )
ni Pr ( Tq )
  = ( SNR) 2qB ( —  (P g  + Pg) + Ig  )
hv ( hv )
(
( (Tq) ( Tq)
= (SNR) (2qB) ( ( — ) Pp + ( - - )  P, + I^
( (hv ) (hv )
(
(SNR) (2qB) (hv) 
Pr  ( m )













SNR  -----• ------------------------------------------
2qB (Pg Tq + Ig hv + Pg Tq)
1
( A l l . 2)
2qB ( Pg Ig  hv )
(  —  +  — — — +  1 )
( P g  P r  nq )
I f  Pg i s  much g r e a t e r  th a n  Pg th e n  t h i s  e x p re s s io n  re d u c e s  t o : -
1
Shot n o is e  l im i t e d  SNR = — — —— — ——————————————— ( A l l . 3)
2qB hv ( nq )
7~ ' ~  f + - -  )Pg Tq ( hv )
M oreover i f  th e  p h o to d io d e  d a rk  c u r r e n t  Ig  i s  n e g l i g ib l e  th e n  th e  
e x p re s s io n  re d u c e s  s t i l l  f u r t h e r  to :
1
Shot n o is e  l im i t e d  SNR    ( A l l . 4)
2qB
Thus f o r  a  t y p i c a l  system  w here B = 10^ Hz th e n  th e  s h o t  n o is e  l im i te d  
s ig n a l  to  n o is e  r a t i o  w i l l  be :
1
Shot n o is e  l im i te d  SNR = —— — — — ——— — —
2 X 1 .6  X 10*19 ^  iQb





CALCULATION OF QUANTUM NOISE LIMIT
From M e lc h io r  [A12.1] th e  minimum re c e iv e d  power l e v e l  c o rre sp o n d in g  to  th e  
quantum  n o is e  l i m i t  f o r  a g iv e n  SNR and bandw id th  B i s : -  
hv
P r  m l n  = A - -  B SNR
n
T y p ic a l ly  f o r  B = 2 MHz and SNR = 12 th e n :
4 X 6 .6 3  X 10*^^ X 3 X 10^^ x 2 x  10^ x 12
1*R min
0.6
= 1591.2  X 10*^° X 2 X 10^
= 1 .6  X 10*17 X 2 X 10^
= 3 .2  X 10*11 = 32 pw
R e fe re n c e :
[A 12.1] M elch io r J .  P ro c  IEEE, Vol 5 8 , 10 , Oct 1970
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SYSTEM PARAMETERS FOR MEASUREMENT PROGRAM
1 2 MBIT/S DIGITAL OPTICAL LINE OF SIGHT SYSTEM
APPENDIX i :
1 .1  TRANSMITTER 
S ource
Peak w av e len g th  
O p t ic a l  power i n t o  a i r  
O p t ic a l  i r r a d ia n c e  
S ou rce  e m is s io n  a r e a  
S ource  ra d ia n c e  
Av d r iv e  c u r r e n t  
M o d u la tio n  
I n p u t  i n t e r f a c e  
Nom inal b i t  r a t e  
Lens ty p e
E f f e c t iv e  le n s  d ia m e te r  
F o c a l le n g th  of le n s
B u rru s  ty p e  le d  
900 nm
1.7  mW 
0 .5 3  mW/sr 
2 .5  X 10*9 ^2
2 . 7  X  1 0 ^  W / m f / s r  
1 0 0  mA
O n /o ff  k e y in g ; a m p litu d e  m o d u la tio n  
HDB 3
2 .048  M b it/s  
F r e s n e l  ( p l a s t i c )
0 .1  m 
0 . 1 m
1 .2  RECEIVER 
P h o to d io d e  
Min S e n s i t i v i t y  
F i r s t  s ta g e  a m p l i f i e r  
O u tp u t i n t e r f a c e  
Lens ty p e
E f f e c t iv e  le n s  d ia m e te r  
F o c a l l e n g th  of le n s
PIN
10 nW @ P (e )  = 10*10 
High im pedance FET 
HDB 3
F r e s n e l  ( p l a s t i c )
0 .1  m 
0 .1  m
2 MEASURING EQUIPMENT USED FOR ERROR MEASUREMENT
P a t t e r n  G e n e ra to r  H e w le tt P ack a rd  Type HP 3781A
E r r o r  D e te c to r  H e w le tt P a ck a rd  Type HP 3782A
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C o m p u te r /C o n tro lle r
Program m ing Computer 
P r i n t e r
R e le v a n t s e t t i n g s :
Pseudo-random  p a t t e r n  
I n t e r f a c e  
Nominal b i t  r a t e  
A verag ing  p e r io d
H e w le tt P a ck a rd  Type HP 9915 w ith  
ta p e  d r iv e  (O p tio n  002)
H e w le tt P a c k a rd  Type HP 85 s e r i e s
H e w le tt P a ck a rd  Therm al Type HP 5150A
215-1
HDB 3
2 .0 4 8  M b it/s  
30 m in u te s  ( s e e  n o te )
N ote : The 30 m in u te  a v e ra g in g  p e r io d  was s e le c te d  f o r  th e  m easurem ents
s in c e  i t  was found to  be th e  optimum s e t t i n g  i n  o rd e r  t h a t  m ean in g fu l e r r o r
r a t e  m easurem ents c o u ld  be r e c o rd e d . S e t t in g s  of l e s s  th a n  30 m in u te s
y ie ld e d  r e s u l t s  w hich s t i l l  fo llo w e d  th e  same t r e n d  b u t th e  f l u c t u a t i o n s  in
e r r o r  r a t e  w ere much g r e a t e r  g iv in g  r i s e  to  some d i f f i c u l t y  i n  r e c o rd in g  a
p a r t i c u l a r  e r r o r  r a t e  a t  any p a r t i c u l a r  i n s t a n t  w hich would make i t  more
2d i f f i c u l t  to  d i s c e r n  th e  c o r r e l a t i o n  betw een  e r r o r  r a t e  and C^ . T h is  
i s  e s p e c i a l l y  t r u e  a t  low e r r o r  r a t e  l e v e l s  when on ly  one e r r o r  m igh t be 
m easu red  o v e r  q u i t e  a  lo n g  p e r io d  ( i e  te n s  of m in u te s ) .  C h a p te r  8 
a d d re s s e d  t h i s  problem  i n  c o n n e c tio n  w ith  th e  c h o ic e  of system  b i t  r a t e  o f 
o p e r a t io n .
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APPENDIX 14
THE COMPLEMENTARY ERROR FUNCTION (ERFC) AND THE RELATIONSHIP BETWEEN ERROR 
RATE AND SIGNAL TO NOISE RATIO
The norm al d i s t r i b u t i o n  i s  g iv e n  b y : -
p ( x ) .  ^
/2 ir a (A 14.1)
w here -  » < x < «>
The c u m u la tiv e  d i s t r i b u t i o n  o r  th e  p r o b a b i l i t y  t h a t  th e  random v a r i a b le  
X i s  l e s s  th a n  some v a lu e  x i s  g iv e n  b y : -
-(=*-><0 )^ /2
p (  x < x )  =  ^  p (  x ) d  X =  ^  —————— — ————
- 0 0  - 0 0  TT .  a
= i  ( 1 + e r f  ( cO (A 14.2)
2 U -  - t 2 /
w here e r f  u  = 2 2  \  e d t
/ 2  IT o
i s  known as  th e  e r r o r  f u n c t io n .  The com plem entary e r r o r  f u n c t io n  e r f c  
i s  g iv e n  b y : -
e r f c (  x) = 1 -  e r f  ( x) (A 14.3)
I t  can  be shown [A14.1] t h a t  th e  p o s s i b i l i t y  of an e r r o r  i n  th e  p re s e n c e  of 
g a u s s ia n  n o is e  i s  g iv e n  b y : -
Pe = i  (1 -  e r f  Q)
= i  e r f c  Q (A 14 .4)
= i  e r f c  i  (S /N )^  (A 14.5)
w here = 4 q2
E x p re s s io n s  (A 14.4) and (A 14.5) have been  computed and th e  r e l a t i o n s h i p s  
b e tw een  th e  d i f f e r e n t  p a ra m e te rs  a r e  shown i n  T ab le  A 14 .1 .
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10°  H
1/2 erfc 1 .4 N / /  
O n-off Keying  
(Sub-Optim um )
V 2 e r i c J s i H
Coherent PSK
1/2 erfc(/s/N/2)






Figure A14^' Error rate versue signal/noise ratio characteristic. 
J  (reference [A14.4D
Q '/NRATIO
P (e )
2 16 12 2 .28  E-2
3 36 15.6 1 .35 E-3
4 64 18 3 .17  E-5
5 100 20 2 .87  E-7
6 144 21.6 9 .9 0  E-10
7 196 22 .9 2 .5 8  E-12
T ab le  A14.1 R e la t io n s h ip  Between Q, SNR and P (e )
Q = i  / 's / i s  a  f a c t o r  employed by P e rso n ic k  [A14.2] and Sm ith  e t  a l  
'N
[A14.3] i n  co m p u ta tio n s  of s ig n a l  to  n o is e  r a t i o  and e r r o r  r a t e .
F ig u re  A14.1 p l o t s  th e  r e s u l t s  f o r  o n -o f f  k ey in g  and c o h e re n t  PSK system s
[A14.1] B y la n sk i P & Ingram  D ’D i g i t a l  T ra n sm iss io n  S y stem s’ ,
P e t e r  P e r e g r in e s ,  1976
[A 14.2] P e rso n ic k  S - BSTJ 52 , pp 843-886 (1973)
[A 14.3] Sm ith D R e t  a l  OQE 10 , pp 293-300 (1978)
[A 14.4] Schw artz M ., B e n n e tt W. ’Com m unications System s and T e c h n iq u e s ’




The term s and d e f i n i t i o n s  u sed  i n  t h i s  t h e s i s  a re  i n  a c co rd a n ce  w ith  th o se  
p re p a re d  f o r  th e  I n t e r n a t i o n a l  E l e c t r o - t e c h n i c a l  V ocabu lary  by th e  J o i n t  
C o - o rd in a t in g  Group (JCG W orking Group ' 0 ' )  of th e  I n t e r n a t i o n a l  
E l e c t r o - t e c h n i c a l  Commission (lEC ) and th e  I n t e r n a t i o n a l  C o n s u l ta t iv e  
C om m ittee on T elephones and T e le g ra p h s  (CCITT) u n d e r  th e  C hairm ansh ip  of 
Mr C J  L i l l y ,  B r i t i s h  Telecom  UK.
I n  o rd e r  to  f a c i l i t a t e  a read y  u n d e rs ta n d in g  o f th e  c o n te n ts  o f t h i s  t h e s i s  
some b a s ic  o p t i c a l  term s and t h e i r  c o rre sp o n d in g  d e f i n i t i o n s  have been  
e x t r a c t e d  from  th e  ab ove-m en tioned  v o c a b u la ry  and in c lu d e d  i n  t h i s  A ppendix 
a s  fo l lo w s :
1 R a d ia n t en e rg y :
E nergy  t h a t  i s  t r a n s f e r r e d  v i a  e le c tr o m a g n e t ic  w aves, e x p re s s e d  in  
j o u l e s .
2 R a d ia n t power; O p t ic a l  power; O p t ic a l  f lu x ;  R a d ia n t f lu x :
The tim e r a t e  of flow  of r a d i a n t  e n e rg y , e x p re s se d  i n  w a t t s .
3 R a d ia n t i n t e n s i t y :
R a d ia n t pow er, i n  a  g iv e n  d i r e c t i o n ,  p e r  u n i t  s o l i d  a n g le , e x p re s se d  
i n  w a t ts  p e r  s t e r a d ia n .
4 R ad ian ce :
R a d ia n t pow er, i n  a g iv e n  d i r e c t i o n ,  p e r  u n i t  s o l i d  a n g le  p e r  u n i t  of 
p r o je c te d  a r e a  of th e  s o u rc e , as v iew ed from  t h a t  g iv e n  d i r e c t i o n .  
R a d ian ce  i s  e x p re s se d  i n  w a t ts  p e r  s t e r a d i a n  p e r  s q u a re  m e te r .
N o te : P re v io u s ly  known as b r ig h tn e s s .
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5 I r r a d ia n c e ;  Power d e n s i ty
R a d ia n t power i n c id e n t  p e r  u n i t  a re a  upon a s u r f a c e ,  e x p re s se d  in  
w a t ts  p e r  sq u a re  m e te r .
6 I n t e n s i t y :
The sq u a re  of th e  e l e c t r i c  f i e l d  a m p litu d e  o f a  l i g h t  wave.
N o te : I n t e n s i t y  i s  p r o p o r t io n a l  to  i r r a d ia n c e  and may be u sed  in
p la c e  of th e  term  " i r r a d ia n c e "  when on ly  r e l a t i v e  v a lu e s  a re  
im p o r ta n t .  See a l s o :  R a d ia n t i n t e n s i t y .
7 R a d ia n t e m itta n c e ;  R a d ia n t e x i ta n c e :
The t o t a l  power e m itte d  by a u n i t  a r e a  of a s o u rc e , e x p re s s e d  i n  w a t ts  
p e r  sq u a re  m e te r .
8 S p e c t r a l  r a d ia n c e :
R ad iance  p e r  u n i t  w a v e len g th  i n t e r v a l  a t  a  g iv e n  w a v e len g th , e x p re s se d  
i n  w a t ts  p e r  s t e r a d i a n  p e r  u n i t  a r e a  p e r  w a v e len g th  i n t e r v a l .
9 S p e c t r a l  i r r a d ia n c e :
I r r a d ia n c e  p e r  u n i t  w a v e len g th  i n t e r v a l  a t  a g iv e n  w a v e len g th , 
e x p re s s e d  in  w a t ts  p e r  u n i t  a re a  p e r  u n i t  w a v e len g th  i n t e r v a l .
10 G eom etric  o p t i c s ;  Ray o p t i c s :
The t re a tm e n t  o f p ro p a g a tio n  of l i g h t  as r a y s .
N o te : Rays a r e  b e n t a t  th e  i n t e r f a c e  betw een  two d i s s i m i l a r  m edia o r
may be cu rved  i n  a  medium in  w hich r e f r a c t i v e  in d e x  i s  a  f u n c t io n  of 
p o s i t i o n .  See a l s o :  P h y s ic a l  o p t i c s .
11 P h y s ic a l  o p t i c s ;  Wave o p t i c s :
The t r e a tm e n t  of p ro p a g a tio n  of l i g h t  as a  wave phenomenom r a t h e r  th a n  
a ray  phenomenon, as i n  g e o m e tric  o p t i c s .
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12 G a u ss ia n  beam:
A beam of l i g h t  whose e l e c t r i c  f i e l d  a m p litu d e  d i s t r i b u t i o n  i s  
g a u s s ia n .
N o te : When such  a  beam i s  c i r c u l a r  i n  c ro s s  s e c t io n ,  th e  a m p litu d e
i s :
E ( r )  = E (0) exp [ - ( r /w ) ^ ]  
w here r  i s  th e  d i s t a n c e  from  beam c e n t r e  and w i s  th e  r a d iu s  a t  w hich 
t h e  a m p litu d e  i s  1/ e  o f i t s  v a lu e  on th e  a x i s ;  w i s  c a l l e d  th e  
beam w idth .
13 Beam d ia m e te r ;  Beamwidth:
The d i s t a n c e  betw een  two d i a m e t r ic a l ly  opposed p o in ts  a t  w hich th e  
i r r a d i a n c e  i s  a  s p e c i f i e d  f r a c t i o n  o f th e  beam 's peak i r r a d ia n c e ;  m ost 
commonly a p p lie d  to  beams t h a t  a r e  c i r c u l a r  o r  n e a r ly  c i r c u l a r  i n  
c ro s s  s e c t io n .
14 Beam d iv e rg e n c e :
i  F o r beams t h a t  a r e  c i r c u l a r  o r  n e a r ly  c i r c u l a r  i n  c ro s s  s e c t io n ,  
h a l f  th e  a n g le  su b ten d ed  by th e  f a r - f i e l d  beam d ia m e te r .
i i  F o r beams t h a t  a re  n o t c i r c u l a r  o r  n e a r ly  c i r c u l a r  i n  c ro s s  
s e c t i o n ,  h a l f  th e  f a r - f i e l d  a n g le  su b te n d e d  by two d i a m e t r ic a l ly  
opposed  p o in ts  i n  a  p la n e  p e rp e n d ic u la r  to  th e  o p t i c a l  a x i s ,  a t  w hich 
p o in t s  th e  i r r a d ia n c e  i s  a  s p e c i f i e d  f r a c t i o n  of th e  beam 's peak 
i r r a d i a n c e .  G e n e ra l ly , on ly  th e  maximum and minimum d iv e rg e n c e s  
( c o r re s p o n d in g  to  th e  m ajo r and m inor d ia m e te rs  of th e  f a r - f i e l d  
i r r a d i a n c e )  need  be s p e c i f i e d .
15 Log norm al d i s t r i b u t i o n :
A norm al d i s t r i b u t i o n  in  w hich th e  lo g a r i th m s  of th e  v a r i a b le  i s  u sed  
r a t h e r  th a n  th e  b a s ic  v a r i a b l e .
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